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ABSTRACT
Domestic ballast is considered a low risk vector of nonindigenous species
introductions within the Great Lakes – St. Lawrence River, and is unregulated.
I examined establishment risk posed by taxa contained in domestic ballast,
biological and environmental similarities between St. Lawrence River and Great Lakes
ports, and identified invertebrates through 454 pyrosequencing of 18S rDNA.
Ballast samples contained 12 brackish potential nonindigenous species, while St.
Lawrence River port samples contained two fresh and 27 brackish species. Québec City
poses the greatest establishment risk due to high environmental matching with recipient
ports, and because it is the only St. Lawrence River port with freshwater species (two
oligochaetes: Aeolosoma viride and Rheomorpha neiswestonovae) not yet present in the
Great Lakes. Pyrosequencing effectively identified invertebrates. Pyrosequencing, but not
traditional taxonomy, identified the freshwater potential nonindigenous species in this
study.
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INTRODUCTION
Organisms that have been moved beyond their historic distribution ranges are
typically referred to as nonindigenous species (NIS) (Mack et al., 2000; Cassey et al.,
2005). The anthropogenic movement of NIS around the world has been occurring for
many centuries (Mills et al., 1993; Mack et al., 2000; Hulme, 2009); however, the rate of
modern invasions has accelerated in recent decades owing to technological advances in
transportation and expanding global economies and international trade (e.g. Work et al.,
2005; Sylvester et al., 2010).
A large number of NIS have beneficial uses, for example as sources of food and
construction supplies, while others are kept as garden plants and pets (Pimentel et al.,
2005; Davis et al., 2011). However, a small number of NIS are harmful to local and
national economies, health, or to native species and native ecosystems (Mack et al., 2000;
Cassey et al., 2005; Pimentel et al., 2005; Pyšek and Richardson, 2010). The negative
effects of NIS to ecosystems range from species extinctions, as seen in the extinction of
the robust white-eye bird after the black rat was introduced to Lord Howe Island (Clavero
and García-Berthou, 2005; Simberloff, 2005), to changes in nutrient cycling and
community composition (Vitousek, 1990; Ricciardi et al., 1997).
The invasion process can be viewed as a series of stages, with barriers that may
prevent species transition to later stages (Colautti and MacIsaac, 2004; Blackburn et al.,
2011). In the transportation stage, NIS overcome geographical barriers by interfacing
with transport vectors and surviving conditions during transport from their native region
to a new area (Colautti and MacIsaac, 2004; Blackburn et al., 2011). Upon release from
the transport vector, some species die, while others may be kept in captivity and/or
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cultivation, or survive in the wild (Blackburn et al., 2011). Only those species capable of
surviving environmental and biological conditions at the release site may establish
reproducing nonindigenous populations (i.e. establish) (Colautti and MacIsaac, 2004).
Finally, as NIS populations grow, some may expand their range beyond the initial
introduction site, some may become locally abundant, and some may do both (Colautti
and MacIsaac, 2004; Lockwood et al., 2007).
Propagule and colonization pressure are two concepts of fundamental importance
to successful invasions (Lockwood et al., 2005; Lockwood et al., 2009; Simberloff,
2009). Propagule pressure, defined as the total number of individuals introduced at a
given location, is the primary determinant of establishment success at the level of
individual introduced populations (Lockwood et al., 2009). It has three components: i)
propagule size, or number of individuals introduced per release event; ii) propagule
number, or number of release events; and iii) propagule health, the health status of
individuals upon release (Lockwood et al., 2007; Simberloff, 2009). Colonization
pressure, defined as the total number of species introduced per release event, is the
primary determinant of NIS richness in communities (Lockwood et al., 2009; Sylvester et
al., 2011). These two concepts suggest that successful invasions are linked to large
propagule size, multiple release events, high quality propagules upon release, and more
species released per event.
The Laurentian Great Lakes have been invaded by about 182 NIS (Ricciardi,
2006), with notorious species such as Dreissena polymorpha, Neogobius melanostomus
and Bythotrephes longimanus altering biodiversity, food webs and water quality (e.g.
MacIsaac, 1996; Kelly et al., 2009). Between 55-70% of the 59 NIS recorded in the Great
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Lakes since the opening of the modern St. Lawrence River in 1959 were likely
introduced through the ballast discharge by transoceanic ships (Holeck, 2004; Ricciardi,
2006; Kelly et al., 2009; Bailey et al., 2011). Ballast release by transoceanic ships is
recognized as the dominant dispersal vector of NIS in this ecosystem over the past 50
years (Kelly et al., 2009).
When a ship unloads cargo, water is taken on board as ballast to compensate for
lost mass and to ensure safe operating conditions (Bradie et al., 2010). A wide array of
species become entrained in ballast tanks as ships load ballast (e.g. Simkanin et al.,
2009). Many species die or experience reduced population abundances owing to adverse
conditions in ballast tanks during protracted voyages. NIS that survive in ballast tanks
and are later discharged at subsequent ports-of-call may or may not establish successful
populations in the new environment.
Preventative management efforts seek to identify and manage pathways (i.e.
geographic routes connecting sources to destinations) and transport vectors (i.e. means of
conveyance) responsible for dispersal to reduce the diversity and abundance of NIS in
recipient ports (Lodge et al., 2006; Ricciardi, 2006; Bailey et al., 2011). Two regulations
have been enacted to reduce aquatic invasions through transoceanic ballast discharge in
the Great Lakes (Briski et al., 2010; Gray and MacIsaac, 2010). Voluntary mid-ocean
ballast water exchange (MOE) was implemented in 1989 by Transport Canada and made
mandatory in 1993 by the United States Coast Guard for transoceanic ships entering the
Great Lakes that declare ballast on board (BOB) (Canadian Coast Guard, 1989; United
States Coast Guard, 1993). This regulation was further expanded through mandatory salt
water flushing for no ballast on board (NOBOB) transoceanic ships beginning in 2006
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(Government of Canada, 2006; SLSDC, 2008). These regulations only address NIS
introductions associated with transoceanic and coastal ships that arrive to the Great Lakes
from ports outside the Canadian exclusive economic zone (Rup et al., 2010). Great Lakes
ports receive approximately equal amounts of St. Lawrence River ballast and foreign
exchanged ballast and both can be vectors of NIS dispersal, particularly if domestic ports
are highly invaded (Rup et al., 2010).
Lakers (hereafter referred to as “lakers”) are a class of cargo vessels that operate
domestically within Canada and the United States, serving important industrial cities
within the Great Lakes – St. Lawrence River system (Rup et al., 2010). Because of size
limitations of the Welland Canal, lakers are, on average, 182 - 213m long, though some
ships that do not operate below the Welland Canal can exceed 300m. Depending on their
configuration, lakers are capable of hauling up to 63,500 million tonnes (MT) of cargo
per trip, with average duration of interregional trips of approximately three to four days
(Rup et al., 2010). While the majority of ballast water transfers by lakers occur between
ports within the Great Lakes, about 0.48 ± 0.07 MT of ballast water is moved from ports
on the St. Lawrence River to the Great Lakes annually (Rup et al., 2010).
In North America, domestic ballast water transfers between closely located ports
have been regarded as low risk for NIS dispersal under the erroneous assumption that
these ports will be within the same biogeographical realm, and thus should harbour
similar biological communities (Rup et al., 2010). Although the St. Lawrence River
originates at the outflow of Lake Ontario, and serves as the natural outflow of the Great
Lakes into the Atlantic Ocean, Rup et al. (2010) identified that domestic laker ballast
water from the St. Lawrence River may pose to the Great Lakes. The St. Lawrence River
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may support NIS that are not yet present in the Great Lakes, as some of these ports
receive exchanged ballast from transoceanic and coastal ships (Rup et al., 2010). Thus,
laker ballast may serve as a dispersal pathway for native St. Lawrence River species
absent from the Great Lakes, as well as NIS species resident in the St. Lawrence River
that are not yet present in the Great Lakes.
The Great Lakes currently supports 19 NIS that are either native to, or were first
reported in, the St. Lawrence River (Mill et al., 1993; de Lafontaine and Costan, 2002;
USGS Nonindigenous Aquatic Species Database, 2011; Table 1). The survival of
plankton arriving to the Great Lakes in laker ballast should be very high both because
laker ballast tanks are generally uncoated with anti-fouling paint (i.e. they are non-toxic
environments) and transit time between ports is short relative to transoceanic voyages
(Rup et al., 2010). As a result, this thesis explores the risk that St. Lawrence River ballast
poses as a vector of NIS dispersal to the Great Lakes.

Evaluating establishment risk
Owing to the multistage nature of the invasion process, several studies have
advocated for the integration of propagule pressure and environmental similarity in
establishment risk assessment (Herborg et al., 2007; Leung and Mandrak, 2007). This
approach proved very useful in determining where Chinese mitten crabs (Eriocheir
sinensis), amongst other species, could invade in the USA and Great Lakes (Herborg et
al., 2007; Herborg et al., 2008; Jacobs and MacIsaac, 2009). Propagule pressure is
recognized as an important determinant of initial establishment success of potential NIS
in non-native areas (Lockwood 2005, Leung et al., 2004). Generally, a directly
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proportional relationship is attributed to propagule pressure and establishment success,
with higher propagule pressure resulting in higher probability of establishment (Leung et
al., 2004). However, the introduction of potential NIS in certain non-native areas may not
pose an establishment threat owing to physiological constraints that precludes successful
establishment (Leung et al., 2004). Consequently, assessments of similarity of
environmental conditions in donor and source regions have been successfully used to
predict locations where potential NIS are likely to survive, if introduced (Herborg et al.,
2007; Reusser and Lee II, 2008). Along the same lines, in this thesis, I assess the
establishment risk of potential NIS from the St. Lawrence River based on their
probability of arrival (propagule pressure) to the Great Lakes, and their potential of
survival (environmental similarity) in the lakes.
The first objective of this thesis was to assess the potential of St. Lawrence River
ports as a source of future invasions by examining the biological similarities these source
ports and recipient ones on the Great Lakes. The likelihood of arrival of NIS from St.
Lawrence River ports was predicted by the total amount of sourced laker ballast that,
over a three year period, was subsequently discharged in the Great Lakes. Further, the
potential survival of these NIS in the Great Lakes was assessed based on environmental
matching (temperature, salinity, conductivity, oxygen) of source and recipient ports.
The second objective of this thesis was to expand knowledge of biological
communities present in ballast water carried by lakers. The establishment risk of potential
NIS in ballast sourced on the St. Lawrence River was assessed using invertebrate density
in lakers as a measure of propagule pressure, species diversity as a measure of
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colonization pressure, and similarity of source and recipient ports as a measure of
survival potential.
The last objective of this thesis was to test the efficacy of 454 pyrosequencing, a
next generation sequencing technology, to accurately identify native and introduced
invertebrate species and to compare its efficiency relative to traditional taxonomy.
Molecular approaches may supplement or supplant traditional taxonomic approaches, and
this objective will allow a comparison of their relative efficiency at detecting presence of
both native and introduced species in port water samples.

MATERIALS AND METHODS
Sampling strategy
Samples were collected from St. Lawrence River ports used by lakers for ballast
activity over a three-year period (2005 – 2007), as identified by Rup et al. (2010).
Selection of Great Lakes ports was based on the amount of St. Lawrence River ballast
received, with a focus on ports that received the most ballast between 2005 – 2007 (Rup
et al., 2010). In total, there were 11 St. Lawrence and four Great Lakes ports chosen for
this study. As lakers only picked up ballast water from the Canadian portion of the St.
Lawrence River, only Canadian ports were sampled. On the other hand, lakers discharged
ballast in both Canadian and American ports on the Great Lakes, therefore ports in both
countries were sampled. Ballast water samples were collected opportunistically from 30
domestic laker transits, which had St. Lawrence River ballast.
Before biological sampling, St. Lawrence River ports were assigned into three
risk categories. These categories were formed based on the amount of ballast each port
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soured to the Great Lakes between 2005 and 2007, and port salinity. Ports were assigned
into the high activity group if the amount of ballast sourced exceeded 35,000 t (tonnes),
while those that sourced less than 35,000 t were assigned to the low ballast group (Figure
1). Next, ports were classified into fresh or brackish water based on the definition that all
ports downstream of Quebec City are brackish, while those upstream are freshwater
(Vincent and Dodson, 1999). In total, three risk categories – high, medium and low –
were formed for St. Lawrence River ports (Table 2). I expect that the risk of
establishment of potential NIS found in port and ballast water samples will reflect the a
priori risk categories of St. Lawrence River ports. I expect establishment risk to be
highest for potential NIS from the high, medium and low risk category, in that order. I
test the null hypothesis that the establishment risk is the same for potential NIS from all
three risk categories.

Sampling area
The St. Lawrence River is one of North America‟s most economic and
geographical important flowing rivers (Vincent and Dodson, 1999). Approximately 1,287
km long, the River can be divided into four broad sections:
i) Fluvial section: the freshwater portion of the river, which extends from the outlet
of Lake Ontario at Kingston to the outlet of Lake Saint-Pierre at Pointe-duLac (Vincent and Dodson, 1999). This section also includes the International
Section of the St. Lawrence River (ISSLR). The Canada/USA border bisects
the ISSLR from headwaters at Lake Ontario to the entry of the entire river into
Canada, east of Cornwall, ON and Massena, NY (Twiss, 2007).
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ii) Fluvial estuary: also freshwater, this tidal portion of the river runs from Lake
Saint-Pierre to the eastern end of Île d‟Orléans (Vincent and Dodson, 1999).
iii) Upper estuary: the highly turbid portion of the river, with salinities in the range of
0.5 to 25 psu (practical salinity units), it extends from the eastern tip of Île
d‟Orléans to the mouth of the Saguenay River (Vincent and Dodson, 1999).
iv) Lower estuary: regarded as one of the deepest and largest estuaries in the world,
this portion of the river extends for about 230 km before it widens at Pointdes-Monts and ultimately discharges into the Gulf of St. Lawrence (Vincent
and Dodson, 1999; Fisheries and Oceans Canada, 2012).
The freshwater-saltwater transition zone in the St. Lawrence River (salinities
between 0.2-5psu) lies at the interface between the fluvial and upper estuary sections.
The International Joint Commission (IJC) identified the portion of the river near
Cornwall/Massena, located in the fluvial section, as one of the 42 Areas of Concern
(AOC) in the Great Lakes drainage basin (IJC, 2003; Environment Canada, 2010; US
EPA, 2011). This portion of the St. Lawrence River has been adversely affected by
pollution from past local industrial production, poor waste disposal practices, bacterial
contamination, NIS, natural erosion, physical disturbances, and commercial fishing (IJC,
2003; Environment Canada, 2010; US EPA, 2011). Consequently, in 1987, Canada and
the United States, in cooperation with provincial and state governments, implemented a
Remedial Action Plan (RAP) for the Cornwall/Massena St. Lawrence River AOC (IJC,
2003; Environment Canada, 2010; US EPA, 2011). The primary goal of the RAP was to
restore, protect and maintain beneficial uses of the river‟s ecosystem in accordance with
the Great Lakes Water Quality Agreement (IJC, 2003; Environment Canada, 2010; US
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EPA, 2011). One important method to limit the introduction of NIS to the Great Lakes –
St. Lawrence River system is through regulatory program activities addressing ship
ballast water (US EPA, 2006).
The port of Thunder Bay is located on western Lake Superior, accommodates
international ships, and is the largest outbound port in the entire Great Lakes - St.
Lawrence River system (Thunder Bay Port Authority). It is also an important domestic
port, ranked as the six largest in Canada (Site Selection, 2005). It is an important link in
the shipping of grain, coal, potash and other products from western Canada and the
prairie provinces through the Great Lakes and the Saint Lawrence Seaway to the east
coast (Seaborne and Larrain, 1983; Thunder Bay Port Authority).
Located on the west end of Lake Ontario, the port of Hamilton is an international
port that handles the largest volume of cargo and shipping traffic of all the Canadian
Great Lakes ports (Hamilton Port Authority). Ships transiting the port of Hamilton carry
cargoes including coal, sand, and iron ore (Hamilton Port Authority).
The port of Sarnia also offers deep port facilities, accommodating domestic and
transoceanic ships (City of Sarnia). Located on southern Lake Huron, major cargoes for
ships visiting the port of Sarnia include grain and petroleum products (City of Sarnia).
The port of Duluth is an important domestic and international shipping hub that is
located on western Lake Superior. Along with the port of Superior, WI, it is forms the
Twin Ports, which are recognized as the largest, farthest-inland freshwater ports in the
world (Duluth Seaway Port Authority). The port of Duluth handles a wide array of
commodities including grain, limestone and cement (Duluth Seaway Port Authority).
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Port and ballast water sampling
Thirty ballast water samples were collected from 30 Great Lakes-bound laker
transits with St. Lawrence River ballast between May 23, 2007 and October 21, 2010 by
the Department of Fisheries and Oceans (Burlington, Ontario). Ballast samples collected
from the same ship were treated as independent because new ballast, typically from a
different source port, was held in ballast tanks between sampling events. Laker ballast
originated from one of six freshwater or five brackish ports on the St. Lawrence River
(Table 3). Nineteen samples were collected from lakers with freshwater ballast (<
0.5ppt), while the remaining 11 samples were obtained from brackish water ballast (0.5 –
30ppt). Twenty-nine samples were collected by lowering a 53 µm vertical zooplankton
net to a depth of 1 - 10 m and filtering approximately 1000L of ballast water. One sample
was collected by pumping 50L of ballast water from the ship‟s sounding tube, which was
then passed through a 53µm mesh sieve. After collection, ballast water samples were
immediately preserved in 75% ethanol and sent out for taxonomic identification.
Invertebrates were collected from St. Lawrence River ports on three occasions:
September 2009, July 2010 and September 2010, while ports on the Great Lakes were
sampled in August 2010. A total of 15 ports were visited, with collection of 88
zooplankton and 42 benthic samples. Details regarding sampling site locations and
characteristics are provided in Figure 2 and Tables 4 and 5. Zooplankton sampling in
ports was conducted from a small boat using triplicate vertical plankton net tows of 41µm
and 500µm mesh. Upon collection, samples were rinsed from the cod-end of the net into
a 41µm or 500µm sieve corresponding to the net‟s mesh size. Samples were rinsed while
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still in the sieve with 95% ethanol to remove fine sediment before being preserved in
95% ethanol.
Either a sled dredge or ponar grab was used for benthic invertebrate collection.
The sled dredge was used in ports with sandy or muddy bottoms, while the ponar grab
was used in ports with rocky bottoms. Sledge dredge samples were collected by lowering
the dredge to the port bottom while the boat was idle, then the engine was engaged so that
the sled net was gently dragged along the bottom for approximately five minutes before
being retrieved. When the ponar grab was used for benthic sampling, it was lowered from
an idle boat until it hit the bottom and closed. Two to three grab samples were collected
from different points and samples mixed in a counting tray to get a final homogenized
sample. After retrieval, benthic samples were transferred into a sieving bucket with a 1mm mesh screen bottom and washed with port water to remove sediment, clay, algae, and
plant matter. Samples were then washed into one or more 1-litre jars and preserved in
95% ethanol. After labelling, samples were kept in a cool dry container and transported to
the laboratory for analysis. Four port water chemistry measures – temperature, salinity,
conductivity and dissolved oxygen – were recorded using a handheld YSI instrument
(Tables 4 and 5).

Sample processing
In the laboratory, animals in port samples were concentrated on a 41µm sieve,
rinsed with 95% ethanol, poured into a counting tray, and examined under a dissecting
microscope (0.63 – 5X magnifications). Dense samples were split into fractions using a
Folsom splitter (McEwen et al., 1954), and each fraction thereafter examined. Animals
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were counted and separated into broad taxonomic groups (e.g., cladocerans, rotifers,
echinoderms) and a maximum of 30 individuals for each group was collected for further
taxonomic identification (Humphrey, 2008). After processing a sample, remaining
animals were concentrated on an appropriate sieve and once again preserved in 95%
ethanol. Benthic samples were rinsed with 95% ethanol into 1mm, 500µm and 45µm
stacked sieves, with animals concentrated on each sieve subsequently counted and sorted
into broad taxonomic groups. The 1mm fraction was examined with the naked eye, while
the 500µm and 45µm fractions were examined under a dissecting microscope (0.63 – 5X
magnifications). Like the zooplankton samples, a maximum of 30 individuals of each
broad group were collected for further identification. After examining all benthic
samples, remaining animals were concentrated and preserved in 95% ethanol.

Species identification
All animals in ballast water samples and those collected from port samples were
sent out for expert morphological identification (EcoAnalysts, INC.; Moscow, ID and
Biologica Environmental Services Ltd., Victoria, BC, respectively), with the exception of
port rotifers. Rotifers from all port samples were identified in the laboratory using a
compound microscope and two taxonomic keys (Koste, 1978; Stemberger, 1979) and
verified by Dr. Ian Duggan (New Zealand). For many rotifer specimens, identification to
the species level was difficult because animals were distorted owing to ethanol
preservation. As a result, the majority of port rotifers were identified only to the genus
level. Along with morphological identification, animals in one 41µm zooplankton sample

13

from Québec City and Hamilton were also identified through 454 pyrosequencing at the
University of Pennsylvania.
454 pyrosequencing is a next generation DNA sequencing technology based on
the sequencing by synthesis principle used to monitor DNA synthesis by
bioluminescence (Ahmadian et al., 2006; Hudson, 2008; Qiagen, Hilden, Germany).
First, PCR is used to amplify randomly sheared DNA fragments that have been linked to
beads and after amplification sequencing primers are then hybridized to single stranded
amplicons (Ahmadian et al., 2006; Hudson, 2008). Next, four enzymes – DNA
polymerase, ATP sulfurylase, luciferase, and apyrase – and two substrates – adenosine 5'
phosphosulfate (APS) and luciferin - are incubated with the PCR amplicons - sequencing
primer hybrid (Ahmadian et al., 2006; Hudson, 2008; Qiagen, Hilden, Germany). dNTPs
are then added to the reaction one at a time and the incorporation of nucleotides by DNA
polymerase causes pyrophosphate (PPi) to be released (Ahmadian et al., 2006; Hudson,
2008; Qiagen, Hilden, Germany). The enzyme ATP sulfurylase then converts released
PPi into ATP in the presence of its substrate APS. Generated ATP is then used to drive
the luciferase-mediated conversion of luciferin to oxyluciferin and this reaction emits
visible light in amounts that are proportional to the amount of ATP. The emitted light
from each luciferase catalyzed reaction is recorded as a peak in the raw data output
(Pyrogram) and the height of each peak is proportional to the number of nucleotides
incorporated to the sequencing primer (Ahmadian et al., 2006; Hudson, 2008; Qiagen,
Hilden, Germany). Next, the enzyme apyrase degrades unincorporated nucleotides and
unutilized ATP, when degradation is complete another nucleotide is added and the
process begins again (Ahmadian et al., 2006; Hudson, 2008; Qiagen, Hilden, Germany).
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454 pyrosequencing has been used successfully to reveal, among other uses, the
diversity and composition of fungal communities in soil (Lim et al., 2010) and
picoeukaryotes in subtropical coastal waters (Cheung et al., 2010). These studies and
others have shown that 454 pyrosequencing is a reliable technique for investigating
diversity and composition of animals from broad taxonomic groups in different
environmental samples (Edwards et al., 2006; Cheung et al., 2010; Lim et al., 2010).
Two genes, the nuclear 18S rDNA and mitochondrial cytochrome C oxidase I (COI),
were evaluated as potential barcode regions for species identification through
pyrosequencing. Of the two, the 18S gene amplified most reliably from a broad range of
taxa, while PCR amplification with the COI gene was unreliable. Therefore, the 18S gene
was chosen as the DNA barcode region to be used during 454 pyrosequencing to
investigate invertebrate diversity and composition in Hamilton and Québec City.
The 41µm zooplankton sample from each port was rinsed with distilled water
through a 100µm sieve to remove sand and other organic matter. Animals on the sieve
were then concentrated and total genomic DNA extracted using DNeasy Blood and
Tissue Kit from Qiagen (Qiagen, Hilden, Germany). Nuclear 18S universal primers
(Uni18SF and Uni18SR) specially designed for pyrosequencing (Zhan et al., 2012) were
used for PCR amplification. The Roche 454 A and B adaptor sequences were added to
the 5‟ end of the forward and reverse primers, respectively. To identify multiplex PCR
products after pyrosequencing, the forward primer was also tagged specifically for each
sample following Parameswaran et al. (2007). The final fusion primers are as follows:
forward primer, 5‟- GCCTCCCTCGCGCCATCAG (454 A adaptor) - NNNNNNNN (8
nucleotide tag based on Parameswaran et al., 2007) - Uni18SF- 3‟; reverse primer, 5‟-
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GCCTTGCCAGCCCGCTCAG (454 B adaptor) - Uni18SR - 3‟. 25μL PCR mixtures
were prepared in five duplicates for each sample to avoid biased amplification in single
reactions. Each duplicate consisted of 200 ng of genomic DNA, 1 x PCR buffer, 2 mM of
Mg2+, 0.2 mM of dNTPs, 0.4 µM of each primer and 2 U of Taq DNA polymerase
(Genscript). PCR cycling parameters consisted of an initial denaturation step at 95 °C for
5 min, followed by 30 amplification cycles of 95 °C for 30 s, 50 °C for 30 s, 72 °C for 60
s, and a final elongation step at 72 °C for 5 min. PCR products were pooled and purified
using the Solid Phase Reversible Immobilization (SPRI) paramagnetic bead-based
method (Agencourt, Beverly, MA, USA). 454 pyrosequencing of PCR amplicons was
performed on a Genome Sequencer FLX System (GS FLX) using 454 A primer. DNA
extraction and PCR amplification were done in the laboratory under the supervision of
Dr. Aibin Zhan (Great Lakes Institute for Environmental Research) and all subsequent
molecular laboratory work and data analysis was performed by Dr. Zhan.

DATA ANALYSIS
Ports
Species in each St. Lawrence River port were characterized as NIS established in
the Great Lakes, species native to the Great Lakes, species not yet present in the Great
Lakes, or cryptic species (Balcer et al., 1984; Mill et al., 1993; Kelly et al., 2009; USGS
Nonindigenous Aquatic Species Database, 2011). Species richness for individual St.
Lawrence River and Great Lakes ports from each sampling season was statistically
estimated by 1st order Jackknife estimator, based on the number of observed singleton
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species (Chao, 2005), using SPADE software (Chao and Shen, 2006). Richness estimates
were calculated as:
Ŝ=D+

f1 .

Equation 1

where Ŝ is an estimator of total species number in a community, D is the number of
distinct species discovered in the sample, n is sample size, and f1 is the number of species
that are represented exactly 1 time in the sample (i.e. singletons; Chao and Shen, 2006).
1st order Jackknife is a non-parametric species richness estimator that calculates the
number of unseen species based on the number of observed singleton species (Chao,
2005), using SPADE software (Chao and Shen, 2006).
Individual-based rarefaction curves of the cumulative number of species observed
in relation to the number of individuals sampled from each port in each season were
generated with 5,000 random iterations using EcoSim 7.72 (Gotelli and Entsminger,
2006). Confidence intervals (95% C.I.) were generated with the same software to
illustrate variability in species richness and species accumulation rate.
Direct comparisons of biological composition and environmental characteristics
were made for high and medium risk ballast source ports on the St. Lawrence River and
their respective top two Great Lakes ballast recipient ports (based upon ballast volume
delivered to the latter). First, ballast water volume (tonnes, t) discharged at each Great
Lakes port by lakers was used as a proxy measure of the number of propagules
potentially sourced from individual St. Lawrence River ports. Next, environmental and
biological similarities between St. Lawrence River and Great Lakes ports were examined.
Finally, the number of native St. Lawrence River species not yet present in each Great
Lakes port was determined.
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The total amount of ballast moved by lakers from St. Lawrence River ports to
Great Lakes ports was obtained for a three year period (2005 – 2007) from the
Department of Fisheries and Oceans Canada. Environmental similarities were assessed
based on the four water chemistry measures recorded at each port during plankton and
benthos sampling. A multivariate test (one sample Hotelling T2 test) was used to compare
mean temperature, conductivity, dissolved oxygen and salinity from individual St.
Lawrence River ports to those in the corresponding Great Lakes recipient port. Like
ballast water samples, significance was tested using α = 0.05. If results were not
significant, environmental conditions between St. Lawrence and Great Lakes ports were
considered similar, and St. Lawrence River species were thus assumed to be capable of
survival in the Great Lakes port. If Hotelling T2 test demonstrated significant differences,
environmental conditions for source-destination port pairs were considered dissimilar and
species from the St. Lawrence port were deemed unable to survive in recipient port. For
such cases, multiple one-sample t-tests were used to compare individual temperature,
conductivity, dissolved oxygen and salinity values for St. Lawrence River and top
recipient Great Lakes ports.
Biological similarity was determined by comparing the community of species
found in samples from individual high and medium risk St. Lawrence River ports to their
complements in the two top corresponding Great Lakes ports, based upon the volume of
ballast water received. Biological similarity was calculated using species
presence/absence data and Sørensen‟s index using SPADE software (Sørensen, 1948;
Chao and Shen, 2006). Sørensen‟s similarity index (SSI) was calculated as:
SSI =

Equation 2
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where D1 is the number of observed species in sample 1, D2 is the number of species
observed in sample 2, and D12 is the number of observed species in the two samples
(Chao and Shen, 2006). Index values ranges from zero – for communities that have no
species overlap – to one, for communities that have all species in common.

Ballast water
Direct environmental comparisons between St. Lawrence River and Great Lakes
ports that served as sources and recipients of ballast for each laker sampled were
conducted based on salinity. While other environmental factors, such as temperature, can
also play a key role in environmental suitability, salinity is likely to have the most
profound effect on community composition (Verschuren et al., 2000). Comparisons were
conducted to determine whether propagules from source ports could survive ambient
environmental conditions in corresponding recipient ports. If both ports had similar
salinities (i.e. freshwater source port and freshwater recipient port) they were considered
as environmentally similar, and propagules were assumed to be compatible with abiotic
conditions in the recipient port. On the other hand, environmental conditions for port
pairs were considered dissimilar if they had different salinities (i.e. brackish water source
port and freshwater source port), and propagules were thus regarded as incompatible with
conditions in their recipient port.
Propagule pressure associated with each laker sampled was characterized on two
levels. First, the total volume (t) of ballast water being carried by each laker at the time of
sampling was used as a coarse measure for propagule pressure. Ballast water volumes
were obtained from the ship crew during sampling. Next, the density of all zooplankton
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present in each ship‟s ballast was used as a refined measure for propagule pressure.
Propagule pressure of all species (individuals/ship) was calculated by multiplying
invertebrate density by volume of ballast in the tank of each ship. ). A logarithmic
transformation was applied to propagule pressure datasets of fresh and brackish ballast in
order to meet assumptions of parametric tests.
The total number of species identified in each ballast water sample was used as a
measure of colonization pressure. Species found in each ballast water sample were
characterized as native to the Great Lakes, species not yet present in the Great Lakes, NIS
established in the Great Lakes, or cryptic species (Balcer et al., 1984; Mill et al., 1993;
Kelly et al., 2009; USGS Nonindigenous Aquatic Species Database, 2011). Species
richness for each ballast water sample was estimated with 1st order Jackknife using
SPADE software (Chao and Shen, 2006). A sample-based rarefaction curve of the
cumulative number of species observed in relation to the number of ballast water samples
collected was generated with 5,000 random iterations using EcoSim 7.72 (Gotelli and
Entsminger, 2006). Individual two tailed t-tests were used to test for differences in
propagule pressure and species richness between ballast samples sourced from freshwater
versus brackish water ports on the St. Lawrence River. For all comparisons, significance
was tested using α = 0.05. Statistical analyses were performed using SYSTAT® Version
13 statistical software (SYSTAT Software Inc., 2008).

Species identification
Pyrosequencing is an emerging tool useful for characterization of species
identities in virtually any medium (Fonseca et al., 2010). However, two problems may
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generate artefacts: errors in PCR during DNA sequence amplification, or errors in
sequencing. These errors may account for up to 30% of diagnosed sequences (A. Zhan,
personal communication). To minimize these errors, raw pyrosequence reads from ports
of Québec City and Hamilton were filtered using three stringent criteria using CLOTU
software (Kumar et al., 2011). Sequences were eliminated if they: i) did not perfectly
mach the 8 nucleotide tags and the forward Uni18SF primer; ii) contained any ambiguous
nucleotide(s); or iii) were too short (< 200bp). Sequence reads from each port sample
were independently clustered into similarity-based operational taxonomic units (OTUs)
using the CD-HIT method implemented in CLOTU with minimum sequence identities of
98% and 95%, as suggested by Zhan et al. (2012); the former value provides a diagnostic
though more liberal OTU cut-off than the latter. OTUs were annotated by searching
GenBank using BLASTN (http://blast.ncbi.nlm.nih.gov/Blast.cgi) with the following cutoff parameters: E values = 10-10, minimum query coverage = 90% and minimum identity
= 98%. Species identifications obtained following the GenBank blast were then compared
to morphological species identification to assess the efficacy of species identification
through pyrosequencing relative to that obtained using expert, external taxonomists.
For both morphological species identification and pyrosequencing species
identification, individual-based species rarefaction curves were generated with 5000
random iterations using software EcoSim version 7.72 for the ports of Hamilton and
Quebec City (Gotelli and Entsminger, 2006). Confidence intervals (95% C.I.) were
generated to test for significant differences between approaches (Gotelli and Entsminger,
2006). In addition, classic species richness estimates (1st order jackknife) were calculated
using SPADE software (Chao and Shen, 2006).
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As some taxa in the ports of Hamilton and Québec City were only identified to
the genus level (i.e. Synchaeta spp.) through classical taxonomy, sequence reads from
both port samples were also clustered to give similarity based OTUs for genera level
identification using a 96% minimum sequence identity. The number of genera identified
through both identification methods were compared using individual-based rarefaction
curves (± 95% C.I.; EcoSim) and 1st order jackknife genera richness estimates (SPADE).

RESULTS
Ports
A total of 73 distinct taxa was identified in freshwater St. Lawrence River port
samples using classical taxonomy, of which four were NIS established in the Great Lakes
and five species with no record in the Great Lakes (Appendix 1). Rotifers were
numerically dominant, accounting for 46% of total invertebrate abundance. Bivalves
(veligers and adults) were the second most abundant taxa (22% of total abundance),
followed by cladocerans (20%) and 11 other rare (12% total) taxa (amphipods,
caddisflies, copepods, dipterans, dragonflies, gastropods, mayflies, mites, mysids,
oligochaetes and polychaetes; Table 6).
In terms of species richness, oligochaetes were the most speciose group with 15
species (including three not yet reported from the Great Lakes; Chaetogaster diaphanus,
Stylaria lacustris and Ripistes parasita), followed by rotifers with 14 species.
Cladocerans were the next speciose group with 12 species, followed by dipterans (11
species), bivalves (five species), and amphipods (four species, including two –
Gammarus oceanicus and Gammarus palustris – not yet reported from the Great Lakes).
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Other groups included mites (three species), copepods and mayflies (two species each),
and caddisflies, dragonflies, gastropods, mysids and polychaetes with one species each
(Table 6).
Fifty-eight taxa were identified by morphological taxonomy in samples from
brackish St. Lawrence River ports (Appendix 1). Quantitative analysis revealed that
rotifers and polychaetes dominated zooplankton communities, representing 50% and 25%
of total abundance, respectively. Relative abundance of the remaining 12 major
taxonomic groups was much lower, representing 25% of zooplankton abundance
collectively (Table 7). Four groups of organisms – polychaetes, amphipods, bivalves and
dipterans – contributed the most species (31, 21, 10 and 10%, respectively) to total
number of species observed in brackish St. Lawrence River port samples, whereas the
other ten taxa contributed only 28% collectively (Table 7). Groups that had species not
yet present in the Great Lakes include amphipods (nine species: Pontogeneia inermis,
Anonyx sarsi, Gammarus oceanicus, Caprella linearis, Tmetonyx cicada, Calliopius
laeviusculus, Monocorophium acherusicum, Monoculodes tuberculatus and
Orchomenella groenlandica), bivalves (one species: Macoma calcarea), cumaceans (one
species: Diastylis rathkei), decapods (two species: Eualus gaimardi gaimardi and Cancer
irroratus), echinoderms (one species: Ophiura robusta) and polychaetes (seven species:
Goniada maculata, Capitella capitata complex, Harmothoe extenuata, Gattyana
cirrhosa, Nephtys cornuta, Pectinaria granulata and Harmothoe imbricata).
Individual-based rarefaction curves for St. Lawrence port samples showed strong
variability in species richness and accumulation between years (2009 and 2010) and
seasons (summer and autumn). Samples collected in July 2010 were more speciose than
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those from September 2009 and 2010 in eight ports (Baie Comeau, Contrecoeur,
Montréal, Johnstown, Sept Îles, Tracy, Trois Rivières and Port Cartier) (Figures 3, 4 and
5). Samples from September 2009 were more speciose than those from July and
September 2010 for two ports – Côte Ste Catherine and Québec City (Figures 3 and 4).
Species accumulation and richness were similar across seasons and years in only one
port, Sorel (Figure 5).
Summary rarefaction curves were also generated for each St. Lawrence River port
(Gotelli and Entsminger, 2006). These summary curves indicate the cumulative number
of species found in each St. Lawrence River port in all sampling seasons (September
2009 and July and September 2010) (Figure 6). Curves for St. Lawrence River ports in
high and low risk categories began to slowly plateau, however their respective empirical
end points fell within the 95% confidence interval of estimated total species richness
(Figure 6). Curves for four medium risk St. Lawrence River ports (Contrecoeur, Côte Ste
Catherine, Johnstown and Tracy) did not reach an asymptote, while those for Baie
Comeau, Port Cartier and Trois Rivières began to slowly plateau (Figure 6). The
empirical end points of curves for Baie Comeau, Port Cartier and Trois Rivières also did
not lie within the 95% confidence interval of predicted species richness (Figure 6).
A total of 39 species was found in Great Lakes port samples (Appendix 2).
Sample-based rarefaction curve for Great Lakes samples showed that species
accumulation plateaued after the 15th sample (Figure 7). Cladocerans and rotifers were
numerically dominant, accounting for 37% and 34% of total invertebrate abundance,
respectively. The other eight taxa collectively accounted for 29% of total individuals
surveyed (Table 8). In terms of species richness, cladocerans and oligochaetes were the
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most speciose taxa with 11 and nine species, respectively, followed by rotifers (eight
species) and the remaining five taxa (11 species) (Table 8).
Thunder Bay and Hamilton were the two top recipient ports for laker ballast
sourced from Québec City, receiving 166,336 and 55,491 t, respectively. Environmental
similarity analysis revealed that mean (± 1 S.E.) water temperature (21.0 ± 0.6oC),
conductivity (280.0 ± 3.2µS), dissolved oxygen (7.7 ± 0.1%) and salinity (0.1 ± 0.0ppt)
in Québec City were significantly different from those in both Thunder Bay (20.4oC;
104.6µS; 8.8%; 0.1ppt; p < 0.001) and Hamilton (25.3oC; 586µS; 8.44%; 0.3ppt; p <
0.001). The same relationship was more pronounced for individual t-test comparisons
between Québec City and Hamilton (temperature, p = 0.02; conductivity, p < 0.001;
dissolved oxygen, p = 0.008; salinity, p < 0.001). Individual one-sample t-tests also
illustrated that mean conductivity and dissolved oxygen in Québec City differed
significantly from those in Thunder Bay (conductivity, p < 0.001; dissolved oxygen, p =
0.003), while there were no significant differences in either temperature or salinity of the
ports.
Sørensen‟s similarity index values indicated that the complement of invertebrate
species found in Québec City were more similar to those found in Hamilton samples
(0.50) than to those in Thunder Bay (0.38). Québec City contained 20 taxa not present in
Thunder Bay six of which were native to the St. Lawrence River (freshwater species:
Aeolosoma viride and Rheomorpha neiswestonovae; brackish: Oithona similis, Temora
turbinata, Ripistes parasita and Stylaria lacustris). Of the 17 taxa found in Québec City
that were absent from Hamilton samples, six were native St. Lawrence River species
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(freshwater species: Aeolosoma viride and Rheomorpha neiswestonovae; brackish:
Oithona similis, Temora turbinata, Ripistes parasita and Stylaria lacustris)
Thunder Bay and Hamilton also were the two top recipient ports for laker ballast
sourced from Montréal, receiving 183,730 and 70,872 t, respectively. Environmental
similarity analysis revealed that mean (± 1 S.E.) water temperature (24.0 ± 0.7oC),
conductivity (307.0 ± 2.4µS), dissolved oxygen (8.6 ± 0.2%) and salinity (0.1 ± 0.0ppt)
in the port of Montréal were significantly different from those in Thunder Bay (20.4oC;
104.6µS; 8.8%; 0.1ppt; p < 0.001) and Hamilton (25.3oC; 586µS; 8.44%; 0.3ppt; p <
0.001). Individual one-sample t-tests revealed that the mean conductivity in Montréal was
significantly different from that in Thunder Bay (p < 0.001), while there were no
significant differences in temperature, dissolved oxygen and salinity. Salinity and
conductivity in the ports of Hamilton and Montréal differed significantly (salinity: p <
0.001; conductivity: p < 0.001), while temperature and dissolved oxygen did not.
Sørensen‟s similarity index values demonstrated that the complement of
invertebrate species found in Montréal were not similar to those in Thunder Bay
(Sørensen‟s index = 0.43), or Hamilton (0.46). Montréal port samples contained nine taxa
not found in Thunder Bay. Eight taxa could only be identified to genus level (i.e.
Chironomus sp.), and the only organism identified to species level (Daphnia pulex) is
native both to the St. Lawrence River and the Great Lakes. Montréal samples contained
11 taxa not found in Hamilton. Nine of these could only be identified to genus level and
the two identified to species level (Chaetogaster diaphanus; Daphnia pulex) were native
St. Lawrence and Great Lakes species.
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The total volume of ballast moved by lakers from Sorel to Hamilton and Thunder
Bay over a three year period was 126,702 and 91,811 t, respectively. Environmental
similarity analysis revealed that mean (± 1 S.E.) water temperature (24.7 ± 0.4oC),
conductivity (196.0 ± 0.2µS), dissolved oxygen (7.3 ± 0.2%) and salinity (0.1 ± 0.0ppt)
in Sorel were significantly different than comparable values in Hamilton (25.3oC; 586µS;
8.44%; 0.3ppt; p < 0.001) and Thunder Bay (20.4oC; 104.6µS; 8.8%; 0.1ppt; p < 0.001).
Individual one sample t-test showed significant environmental differences between
conductivity (p < 0.001), dissolved oxygen (p = 0.04) and salinity in Sorel and Hamilton,
and temperature (p = 0.01), conductivity (p < 0.001) and dissolved oxygen (p = 0.02) in
Sorel and Thunder Bay. There were no significant differences in temperature between
Sorel and Hamilton, as well as salinity in Sorel and Thunder Bay. Sørensen‟s similarity
index illustrated that the complement of invertebrate species found in Sorel were
moderately similar to those found in Hamilton (0.50) and Thunder Bay (0.47). Sorel
contained 12 taxa not present in Hamilton samples. Six taxa could only be identified to
genus level (i.e. Diaphanosoma sp.) and of the six identified to species level, four
(Arcteonais lomondi; Daphnia pulex; Spirosperma ferox; Quistadrilus multisetosus) were
native to the St. Lawrence River and the Great Lakes, and the remaining two
(Chaetogaster diaphanus; Gammarus oceanicus) were native St. Lawrence brackish
species. The same 12 taxa and two native brackish St. Lawrence species (Chaetogaster
diaphanus; Gammarus oceanicus) were found in neither Hamilton nor Thunder Bay.
Multivariate environmental analyses were also conducted for two fresh (Tracy
and Trois Rivières) and brackish (Baie Comeau and Port Cartier) St. Lawrence ports that
are deemed to pose a medium risk. Environmental conditions in these fresh and brackish
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St. Lawrence River ports were significantly different from those in their respective
recipient ports (Table 9). When abiotic parameters were examined individually with
multiple one-sample t-tests, significant differences were observed in environmental
conditions of brackish St. Lawrence River ports and their Great Lakes recipient ports
(Table 9). In contrast, abiotic conditions in fresh St. Lawrence River ports were mostly
similar to those in recipient Great Lakes ports (Table 9). Overall, 27 brackish and two
freshwater (Aeolosoma viride and Rheomorpha neiswestonovae) native St. Lawrence
River species that have not yet been reported in the Great Lakes were found in St.
Lawrence River port samples (Appendix 3).
Direct comparisons (environmental and biological) between the remaining three
medium risk St. Lawrence River ports (Côte Ste Catherine, Contrecoeur and Johnstown)
and one low risk St. Lawrence River port (Sept Îles), to their respective top two Great
Lakes recipient ports could not be conducted, as sampling was not conducted at the Great
Lake ports.

Ballast water
Thirty ballast water samples were collected from lakers that had loaded ballast at
St. Lawrence River ports. Nineteen of these samples were collected from lakers with
ballast sourced at freshwater ports while the remaining 11 samples contained brackish
ballast water.
Propagule pressure in ballast water samples varied from 1.90 × 105 individuals/ship
to 4.08 × 1010 individuals/ship, with a mean (± 1 S.E.) of 1.87 ± 0.14 × 109
individuals/ship. Propagule pressure was extremely variable between both fresh and
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brackish ballast samples (Figure 8; F-test, p < 0.05). As a result, the variance of the two
groups was unequal and a logarithmic transformation was applied to equalize variance.
After the transformation was applied, no significant difference was observed in mean
propagule pressure between ballast sourced from freshwater St. Lawrence River ports
(2.84 ± 2.13 × 109 individuals/ship), versus that from brackish ports (1.85 ± 0.79 × 108
individuals/ship; t = 1.03; df = 28; p = 0.31). Ship 26, with ballast sourced at Trois
Rivières and discharged at Superior, and ship 13 with ballast loaded in Tracy and
discharged at Sarnia, had the highest propagule pressures with 4.08 × 1010
individuals/ship and 4.49× 109 individuals/ship, respectively (Table 10). Ship 29, with
ballast sourced at Sorel and Les Méchins and discharged at Windsor, and ship two, with
ballast from Sorel and discharged at Sarnia, had the lowest propagule pressures (1.90 ×
105 and 2.37 × 105 individuals/ship, respectively; Table 10) . Ships with ballast from
Trois Rivières and Port Cartier had the highest propagule pressure of all fresh and
brackish water source ports with a combined 4.08× 1010 individuals/ship and 1.57 × 109
individuals/ship, respectively. Ships with ballast destined for discharge in Superior had
the highest propagule pressure upon arrival with a combined 4.08 × 1010 individuals/ship
and 9.96 × 108 individuals/ship for fresh and brackish ballast, respectively (Table 10).
Classical taxonomy identified 78 distinct zooplankton species in 30 ballast water
samples from six fresh and five brackish St. Lawrence River ports (Appendix 4, Table 3).
A sample-based rarefaction curve illustrated that species accumulation slowly plateaued
after the 25th sample (Figure 9). Rotifers were numerically dominant and the most
species-rich zooplankton group, representing 68% of total density and 59% of all species
(Table 11). The relative density and species richness of other major taxonomic groups

29

was much lower relative to rotifers. Bivalve veligers were the second most abundant
group identified using classical taxonomy (23% of abundance), followed by copepods
(6%), and cladocerans (2%). Amphipods, cirripeds and decapods represented only 1% of
total zooplankton density in ballast samples. In terms of species richness, copepods were
the second most speciose group with 15 species including seven brackish potential NIS
(Acartia hudsonica, Centropages hamatus, Temora longicornis, Tortanus discaudatus,
Oithona similis, Coullana canadensis and Microsetella norvegica). Potential copepod
NIS were found in ballast from Baie Comeau, Les Méchins, Montréal, Port Cartier, Sept
Îles, Sorel and Tracy that were discharged in Silver Bay, Superior, Thunder Bay, Toledo
and Windsor. Cladocerans were the next most species-rich group with ten species,
including one potential NIS – Evadne nordmanni – a brackish species found in ballast
loaded at Port Cartier and discharged in Superior. Bivalves were represented by three
species including one marine species – Mytilus edulis – that was found in ballast samples
sourced from Port Cartier and Sept Îles and discharged in Superior, Hamilton and
Nanticoke. The two decapod taxa found - Cancer irroratus and Uca spp. – were both
brackish potential NIS found in ships with ballast from Port Cartier that was discharged
in Hamilton. The last two groups, cirripeds and amphipods, had one species each. The
cirriped, Balanus sp., was a brackish potential NIS present in Sept Îles ballast samples
that were discharged in Nanticoke. In total, 12 brackish St. Lawrence River species that
have not yet been reported in the Great Lakes were identified in fresh and brackish laker
ballast samples (Appendix 5).
There were significant differences in mean colonization pressure for ships with
freshwater (14.5 ± 1.4 species) versus those brackish (7.9 ± 0.7 species) ballast (t = 3.46;
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df = 28; p = 0.002). Significant differences were also detected in the number of native St.
Lawrence River species present in freshwater ballast samples versus those in brackish
ballast samples (3.4 ± 0.8 vs. 0.4 ± 0.1 species) (t = 5.01; df = 28; p < 0.0001). Mean
richness across all ballast water samples was 12.7 ± 1.1 species (Figure 10). Ship four
loaded ballast from Montréal and discharged in Nanticoke, and ship seven, with ballast
from Québec City and discharged in Thunder Bay, had the highest colonization pressure
values of 25 and 26 species, respectively. Ship two, with ballast sourced in Sorel and
discharged into Sarnia, ship one, with ballast from Montréal and discharged at Thunder
Bay, and ship 19, with ballast from Port Cartier and discharged at Superior, had the
lowest colonization pressures, with three species in the former and five species in the
latter two ships (Table 10).

Species identification
A total of 12 and 13 species was identified in Hamilton and Québec City samples,
respectively, using morphological identification (Appendix 6). The total estimated
species richness was 23 species in Hamilton (Figure 11) and 25 species in Québec City
(Figure 11). No freshwater St. Lawrence River species or NIS not yet present in the Great
Lakes was identified in Hamilton or Québec City by morphological identification.
Pyrosequencing yielded 13,833 and 13,898 sequences for the Hamilton and
Québec City samples, respectively. After strict trimming, 8963 and 5348 sequences,
respectively, remained in the final dataset for downstream analyses. These sequences
were grouped into 136 and 41 OTUs at a 5% divergence threshold and 408 and 126
OTUs at a 2% level for Hamilton and Québec City, respectively (Appendix 7). Only 22
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and nine OTUs were identified to species level for these respective ports after the
GenBank BLAST (Appendix 6). Three potential NIS, a freshwater copepod (Diacyclops
galbinus) and two brackish water copepods (Oithona similis and Temora turbinata) were
identified in Hamilton. Oithona similis and Temora turbinata were also identified in
Québec City samples along with two freshwater oligochaetes – Aeolosoma viride and
Rheomorpha neiswestonovae – that are not present in the Great Lakes. Estimated richness
was 198 species at 5% divergence threshold and 615 species at the 2% level for Hamilton
(Figure 12), while corresponding richness values were 55 species and 188 species for
Québec City (Figure 12). The rarefaction curve for species identified through
morphological taxonomy in Hamilton began to slowly plateau after about 15,000
individuals (Figure 11), while that for Québec City levelled off sharply after about 6,000
individuals (Figure 11). In contrast, curves for species identified through pyrosequencing
did not reach saturation in either port (Figure 12).
Classical taxonomy identified 10 and 11 genera in the port samples from
Hamilton and Québec City, respectively (Appendix 8), while pyrosequencing detected
194 and 49 genera in these same ports (Appendix 8). Estimated genera richness in
Hamilton and Québec City was 21 and 23 for classical taxonomy, and 283 and 68 for
pyrosequencing (Figure 13). Rarefaction curves for genera identified morphologically in
Hamilton and Québec City saturated quickly, while those identified through
pyrosequencing did not plateau in either port (Figure 13).
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DISCUSSION
Ports
Of all the St. Lawrence River ports surveyed in this study, Québec City appears to
pose the greatest risk to the Great Lakes. Québec City was the source of 32% (221,827 t;
Table 9) laker ballast loaded on the St. Lawrence River and subsequently discharged in
the Great Lakes over a three period (Rup et al., 2010). However, it was the only St.
Lawrence River port that contained freshwater species – two oligochaetes (Aeolosoma
viride and Rheomorpha neiswestonovae) identified through pyrosequencing – that could
potentially survive in the Great Lakes. The main Great Lakes ports vulnerable to
invasions from Québec City are Thunder Bay and Hamilton, as they received 50% and
17% of laker ballast from Québec City over a three year period, respectively (Table 9).
Although no freshwater species native to the other ten St. Lawrence River ports
were detected, I cannot discount that these ports (especially freshwater Montréal and
Sorel) may have harboured undetected taxa capable of establishing in the Great Lakes.
This is especially true given that taxa in these ten St. Lawrence River ports were only
identified morphologically, and that some taxa were only identified to genus level. Also,
other studies have shown that the St. Lawrence River currently harbours at least one
freshwater invertebrate NIS (spiny cheek crayfish, Orconectes limosus) and two
freshwater nonindigenous fish species (the tench, Tinca tinca and cutthroat trout,
Oncorhynchus clarki) that are not yet present in the Great Lakes (de Lafontaine and
Costan, 2002). Predictions of the potential distribution of Tinca tinca in the Great Lakes
using Genetic Algorithm for Rule-Set Production (GARP) revealed that it is likely to find
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suitable habitat in most of Lake Erie and small portions of Lake Ontario and Lake Huron
(U.S. EPA, 2008).
Establishment risk of brackish St. Lawrence River taxa should be low owing to
strong environmental dissimilarity of source and recipient ports (Table 9), particularly
with respect to salinity. Although these brackish taxa, detected in port and ballast water
samples, are not expected to survive in the Great Lakes, Drake and Lodge (2007)
cautioned that the establishment risk of such species should not be discounted (Drake and
Lodge, 2007). While not common, some invertebrates are capable of succeeding in the
transition from brackish to freshwater habitats (Lee, 1999). For example, the brackish
water copepod Eurytemora affinis has experienced multiple independent freshwater
transitions with strong selection pressure for freshwater tolerance before successful
invasion in the Great Lakes (Lee, 1999; Lee et al., 2003). Similarly, the brackish water
amphipod Gammarus tigrinus has several independent lineages that have invaded
freshwater habitats, with the Great Lakes population likely involving intense selection
following ballast water introduction to the system (Kelly et al., 2006).
Variation in species richness within and across years in St. Lawrence River ports
demonstrate that colonization pressure (and subsequent establishment risk) in loaded
ballast may vary temporally. For example, species richness in Baie Comeau was greater
in samples collected in July 2010 (27 species) than in September 2009 or 2010 (19 and 17
species, respectively; Figure 4). Of the 27 species collected in July 2010, ten have no
record in the Great Lakes. Conversely, only six and five native Baie Comeau species
were found in September 2009 and 2010 samples, respectively.
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Characterizing the environmental similarities between St. Lawrence River source
ports and Great Lakes destination ports that received ballast water is essential for
understanding establishment risk of species entering the Great Lakes in ballast, and for
assessing the need for management strategies. In this study, comparisons of four key
environmental measures (i.e. temperature, salinity, dissolved oxygen and conductivity) in
high and medium risk St. Lawrence River ports and their Great Lakes recipient ports
revealed no exact environmental matches. Dissimilarities between freshwater source and
recipient ports were primarily caused by differences in conductivity. For example,
Thunder Bay and Hamilton, the two most common recipient ports for freshwater ballast,
had lower and higher conductivity versus their source ports. Conductivity is a sensitive
measure that affects physiological suitability and survival of NIS in non-native areas
(Kestrup and Ricciardi, 2010; Lee et al., 2011). Exposure of NIS to conductivities outside
of their preferred tolerance range may cause reduced growth, reduced reproduction rates,
and/or increased mortality rates (Kestrup and Ricciardi, 2010). It is not known if the
conductivity in the port waters of Thunder Bay and Hamilton (Table 5) lie within the
tolerance range of native freshwater St. Lawrence River species.

Ballast water
Previous studies on the role of domestic ballast as a vector of NIS in the Great
Lakes – St. Lawrence River system used ballast water discharge and number of laker
arrivals as proxies for propagule pressure (Rup et al., 2010). However, this study has
documented the actual propagule and colonization pressure associated with laker ballast
from the St. Lawrence River.
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This study documented a high degree of variability in propagule pressure
associated with laker ballast (Table 10). Collectively, the mean number of propagules for
all species arriving to the Great Lakes from brackish St. Lawrence River ports (1.85 ±
0.79 × 108 individuals/ship) were similar to those from freshwater St. Lawrence ports
(2.84 ± 2.13× 109 individuals/ship) . This suggests that the propagule pressure in St.
Lawrence laker ballast is not affected by the salinity of the source port. Together, ships
with ballast from brackish water Port Cartier and freshwater Trois Rivières contained
77% and 66% of all brackish and freshwater propagules donated to the Great Lakes in
this study (Table 10). The Great Lakes ports vulnerable to invasions from Port Cartier
ballast are Superior and Hamilton, as they received 63% and 37% of the propagules from
Port Cartier (Table 10). The port in Superior is also vulnerable to invasions from Trois
Rivières as it received virtually all (99.9%) of its propagules (Table 10). Although these
propagule pressure results are useful for highlighting the potential risk of ballast mediated
introductions of taxa from fresh and brackish St. Lawrence River ports, they do not
suggest anything about the survival of fresh and brackish propagules in the Great Lakes
(Humphrey, 2008). Establishment risk in each ballast sample was further refined by
quantifying colonization pressure and the numbers of native St. Lawrence River species
they contained that can survive in the Great Lakes.
Although fresh and brackish water ballast contained a diverse assemblage of
zooplankton, no new freshwater, nonindigenous species capable of surviving in the Great
Lakes were found in any ballast sample. The failure to detect native freshwater St.
Lawrence species in ballast samples may reflect the identification power of classical
taxonomy. For example, morphological identification of Québec City port samples did
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not detect any native freshwater species not yet found in the Great Lakes, whereas
pyrosequencing found two (Aeolosoma viride and Rheomorpha neiswestonovae). Given
that an average of 13% of organisms in freshwater ballast were not identified to species
level, it is possible that these samples could have contained unidentified native St.
Lawrence freshwater species not yet found in the Great Lakes.
Native brackish St. Lawrence species made up a small fraction (5%) of the taxa
found in freshwater ballast and about one-third (31%) of the taxa found in brackish
ballast. I assessed the environmental tolerance of these species to conditions
characteristic of Great Lakes ports, and their invasion histories in other freshwater
systems, using searches of Google Scholar and WoRMS. I found no records of
freshwater invasions for any of the detected brackish native St. Lawrence River species
anywhere in the world using these searches. In addition, these species were identified as
strictly limited to brackish and marine habitats in the WoRMS database. Based on these
results, none of the native brackish St. Lawrence River species found in ballast samples
were considered to be capable of surviving in the Great Lakes due to salinity tolerance
issues. Hence, ballast from brackish St. Lawrence River ports does not appear to pose a
high risk of introducing new species capable of establishing in the Great Lakes.
The presence of established NIS in 90% of ballast water samples may facilitate
range expansions of these species within the Great Lakes. Furthermore, laker ballast
could introduce novel genotypes (i.e. admixture) to populations already established in the
Great Lakes or serve to augment populations and reduce demographic stochasticity
(Kelly et al., 2006). Some authors have argued that such genetic enhancement through
admixture may increase the invasiveness of NIS (Kelly et al., 2006).
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Rotifers dominated community density and species richness in both port and
ballast water zooplankton samples (Tables 6, 7 and 11). This finding is consistent with
previous studies that have documented high abundances of rotifers in other North
American rivers (Williams, 1966) and rivers around the world (Saunders, III and Lewis,
Jr., 1988; May and Bass, 1998). The frequent occurrence of rotifers in port and ballast
water samples in this study could be due to the low abundance of cladocerans that
interfere with rotifers (MacIsaac and Gilbert, 1991). Other factors such as high
abundance of phytoplankton (food), water clarity and turbulence level, also may have
contributed to the commonness of rotifers (Williams, 1966; Saunders, III and Lewis Jr.,
1988; May and Bass, 1998).
In some of my rarefaction figures, it appears that the curve begins to plateau well
below the estimated asymptotic species richness (Figures 4, 5, 6, 7, 11 and 13). However,
the two results may be reconciled if one considers that the rarefaction curves are still
increasing, albeit, very slowly, whereas the jackknife estimates represent true, asymptotic
richness. For example, Chao et al. (2009) found that between 1.05 to 10.67 times the
original sampling effort would be required in order to detect all species predicted using
the 1st order jackknife estimator of richness (Chao et al., 2009). This difference may
occur because the remaining undetected species are very rare, and it takes a great deal of
additional sampling effort to find them (Chao et al., 2009). Thus, with additional
sampling, my rarefaction curves are expected to continue to rise very slowly from their
empirical endpoint to the estimated asymptote as predicted by 1st order jackknife.
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Species identification
The ability of massive parallel pyrosequencing to identify invertebrates from
whole environmental samples was tested by comparing its identification results with
morphological identification. Using 98% similarity (2% divergence between sequences)
as the threshold for intraspecific sequence variation, 408 and 126 species (OTUs) were
found in Hamilton and Québec City port samples, respectively. On the other hand, when
95% similarity (5% divergence) was used as the cut-off for intraspecific variation, fewer
species (136 and 41) were found in Hamilton and Québec City, respectively. This
difference stems from the more conservative cut-off for intraspecific variation using the
5% sequence divergence level; taxa with interspecific sequence divergence between 2
and 5% were grouped together as a single species in the 5% cut-off analysis. Overall,
pyrosequencing was able to identify 34 times more species in the port of Hamilton and 10
times more species in Québec City than morphological identification. However, only
approximately 5% of the OTUs in Hamilton and 7% of OTUs in Québec City could be
identified to species level. The vast majority of OTUs that could not be assigned species
designations were suspected to be species previously uncharacterized through DNA
barcoding (for the 18S gene) and thus were unavailable in databases. Pyrosequencing
revealed much higher species richness in both ports in comparison to morphological
identification (Figures 11 and 12) and most importantly, pyrosequencing was able to
identify potential NIS present in port water samples that morphological taxonomy failed
to identify.
Of the 35 identified invertebrate species in both ports, only three were identified
by both methods, 18 were identified through pyrosequencing and 14 were identified
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morphologically (Appendix 6). The failure of pyrosequencing to detect the14
morphologically identified species may be attributed to any of three reasons. First, there
might be an absence of reference 18S sequences in GenBank, and indeed this was the
case for four species. Secondly, some aquatic species are cryptic species complexes, with
morphologically cryptic but genetically distinct species (e.g. Catania et al., 2009; Zhan et
al., 2010). Despite a similar appearance, genetic divergence in these species complexes
can exceed 10% (Zhan et al., 2010). Reference sequences in GenBank may derive from
highly divergent clades so that a comparison between sequences from this study and
those in the databases failed to obtain clear matches. Third, some samples identified
based on morphology may be incorrect (Burns et al., 2008). Owing to small size, limited
available morphological characters, coupled with the possible occurrence of cryptic
species complexes, misidentification based on morphology is possible and common for
juvenile individuals.
Similar to species level identification results, pyrosequencing detected more
genera (19 times more in Hamilton, and 4 times more in Québec City) than classical
taxonomy. Although 194 and 49 genera were detected in Hamilton and Quebec City,
respectively, only 51 (26%) and 22 (45%) could be assigned genera names after GenBank
blast (Appendix 8). Rarefaction curves for pyrosequencing (Figure 13) clearly indicates
that additional sequencing would lead to significantly higher recovered genera in both
ports. In contrast, additional sampling and identification through classical taxonomy is
unlikely to yield results comparable to pyrosequencing. If pyrosequencing results for
both species (OTUs) and genera level assessments are confirmed, they reveal levels of
species diversity in Canadian ports far higher than those recognized by traditional
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taxonomic methods, and may dramatically affect our perception of biodiversity in
Canadian waters.

CONCLUSIONS
Based on the results from this thesis, it appears that some St. Lawrence River taxa
are capable of surviving in the Great Lakes if introduced. Although no species capable of
surviving in the Great Lakes were identified in ballast water samples, two freshwater
species (Aeolosoma viride and Rheomorpha neiswestonovae) native to St. Lawrence
River, but not yet present the Great Lakes, were found in port samples from Québec City.
The ports of Thunder Bay and Hamilton would be most vulnerable to future ballast
mediated invasions from St. Lawrence River as they were almost consistently the top
recipient ports for both fresh and brackish ballast discharged by lakers. In order to
definitively detect species that may invade the Great Lakes, future studies should utilize
alternative identification methods such as pyrosequencing in addition to classical
taxonomy. In addition, future studies should experimentally determine the freshwater
tolerance of native brackish water species from the St. Lawrence River that are being
introduced to the Great Lakes to assess their establishment risk fully.
It is well known that morphological identification of invertebrates is challenging
and arduous, requiring detailed comparisons of morphological characters for accurate
species identification. In addition, the decline in the number of taxonomic experts
compromises our ability to use traditional methods. Conversely, species identification
through massively parallel pyrosequencing is an efficient alternative for studying
biodiversity, and a promising alternative for identifying potential NIS in environmental

41

samples. However, this technology is still in its infancy and the availability of reference
sequence databases is inadequate and limits its current utility as an identification tool.
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Table 1: Reported dates of discovery of Great Lakes invaders that are either
native to or were first sighted in the St. Lawrence River.
Species
Great Lakes
St. Lawrence River
Alosa pseudoharengus
1873
IND
Apeltes quadracus
1986
IND
Bangia atropurpurea
1964
IND
Butomus umbellatus
1930
1905
Cirsium palustre
<1950
1821
Gammarus tigrinus
2001
IND
Hydrocharis morsus-ranae
1972
1932
Juncus gerardii
1862
IND
Lythrum salicaria
1869
1865
Mentha gentilis
1915
1890
Mentha spicata
<1843
1821
Morone americana
1950
IND
Myriophyllum spicatum
1949
1945
Nitellopsis obtusa
1983
1978
Osmerus mordax
1912
IND
Rumex obtusifolius
<1840
1821
Solidago sempervirens
1969
IND
Sparganium glomeratum
1941
1931
Veronica beccabunga
1915
1905
IND = indigenous; “<” = for these organisms, the date of first publication was the only
information available, so date of introduction is listed as before (<) the date of
publication. Based on Mill et al., 1993, de Lafontaine and Costan, 2002, and USGS
Nonindigenous Aquatic Species Database, 2011
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Table 2: Risk categories assigned to St. Lawrence River ports. Ballast activity refers to
water loaded at St. Lawrence River ports that was subsequently discharged in the Great
Lakes. High risk ports (red box) sourced large volumes of freshwater ballast to the Great
Lakes, medium risk ports (yellow box) delivered either low volumes of freshwater ballast
or large volumes of brackish ballast, and the low risk port (green box) sourced a low
volume of brackish ballast water.
Ballast activity

Salinity

High

Low

Fresh

Montréal,
Québec City,
Sorel

Côte Ste Catherine,
Contrecoeur,
Johnstown Harbour,
Trois Rivières,
Tracy

Brackish

Port Cartier,
Baie Comeau

Sept Îles

44

Table 3: Source ports for ballast water sampled in this study.
Ship
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30

Source port
Montréal
Sorel
Montréal
Montréal
Montréal
Québec City
Québec City
Québec City
Québec City
Québec City
Sorel
Sorel
Tracy
Contrecoeur
Baie Comeau
Baie Comeau
Port Cartier
Port Cartier
Port Cartier
Port Cartier
Tracy
Tracy
Tracy
Tracy
Trois Rivières
Trois Rivières
Sept Îles
Sept Îles
Sorel/Les Méchins
Port Alfred
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Salinity of ballast water
Fresh
Fresh
Fresh
Fresh
Fresh
Fresh
Fresh
Fresh
Fresh
Fresh
Fresh
Fresh
Fresh
Brackish
Brackish
Brackish
Brackish
Brackish
Brackish
Brackish
Fresh
Fresh
Fresh
Fresh
Fresh
Fresh
Brackish
Brackish
Brackish
Brackish

Table 4: Recorded longitude, latitude, mean temperature (temp), conductivity (con),
dissolved oxygen (DO) and salinity (sal) for the St. Lawrence River ports sampled in this
study.
Ports

Longitude Latitude Mean temp Mean con
Mean DO
Mean sal
(± 1 S.E)
(± 1 S.E)
(± 1 S.E)
(± 1 S.E)
(oC)
(µS)
(%)
(ppt)
BC
-68.14
49.25
3.6 ± 0.9
34 ± 1.3
12 ± 0.6
32.4 ± 0.9
C
-73.28
45.83
24 ± 0.3
307 ± 1.1
8.5 ± 1.1
0.1 ± 0.0
CSC
-73.59
45.41
23.1 ± 0.0
304 ± 2.6
8.3 ± 0.0
0.1 ± 0.0
JT
-75.47
44.74
20.8 ± 0.4
302 ± 2.1
7.6 ± 0.1
0.2 ± 0.0
M
-73.51
45.58
24 ± 0.7
307 ± 2.4
8.6 ± 0.2
0.1 ± 0.0
PC
-66.78
50.03
10.9 ± 0.4
35 ± 0.8
9.5 ± 0.1
31.1 ± 0.5
QC
-71.20
46.82
21 ± 0.6
280 ± 3.2
7.7 ± 0.1
0.1 ± 0.0
SI
-66.37
50.19
13.2 0.3
35 ± 1.3
9.2 ± 0.1
29.5 ± 0.5
S
-73.14
46.05
24.7 ± 0.4
196 ± 0.7
7.3 ± 0.2
0.1 ± 0.0
T
-73.12
46.05
23.6 ± 0.1
320 ± 4.6
7.9 ± 0.2
0.1 ± 0.0
TR
-72.55
46.33
24.3 ± 0.3
293 ± 2.6
7.6 ± 0.1
0.1 ± 0.0
Ports: Baie Comeau (BC), Contrecoeur (C), Côte Ste Catherine (CSC), Johnstown
Harbour (JT), Montréal (M), Port Cartier (PC), Québec City (QC), Sept Îles (SI), Sorel
(S), Tracy (T) and Trois Rivières (TR)
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Table 5: Recorded longitude, latitude and environmental data for the Great Lakes ports
sampled in this study.
Ports

Longitude

Latitude

Temperature Conductivity Dissolved Salinity
(oC)
(µS)
oxygen (%)
(ppt)
D
-92.11
46.77
22.3
262.8
8.68
0.1
H
-79.80
43.28
25.3
586
8.44
0.3
SA
-82.45
42.93
23.3
224.2
7.98
0.1
TB
-89.22
48.41
20.4
104.6
8.82
0.1
Ports: Duluth (D), Hamilton (H), Sarnia (SA) and Thunder Bay (TB)
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Table 6: Relative contribution to invertebrate abundance and species richness for each
high level taxonomic group identified in freshwater St. Lawrence River port samples.
Group

Acari
Amphipoda
Bivalvia
Cladocera
Copepoda
Diptera
Ephemeroptera
Gastropoda
Mysida
Odonata
Oligochaeta
Polychaeta
Rotifera
Trichoptera

Relative contribution to
zooplankton species
richness
4%
6%
7%
16%
3%
15%
3%
1.2%
1.2%
1.2%
21%
1.2
19%
1.2%
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Relative contribution to
zooplankton abundance
3%
<1%
22%
20%
0.28%
1%
<1%
<1%
<1%
<1%
7%
<1%
46%
<1%

Table 7: Relative contribution to invertebrate abundance and species richness for each
high level taxonomic group identified in brackish St. Lawrence River port samples.
Group

Amphipoda
Bivalvia
Cladocera
Cirripedia
Copepoda
Cumacea
Decapoda
Diptera
Echinodermata
Gastropoda
Mysida
Oligochaeta
Polychaeta
Rotifera

Relative contribution to
zooplankton species
richness
21%
8%
4%
1.2%
4%
4%
10%
1.3%
4%
4%
1.3%
1.2%
31%
5%
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Relative contribution to
zooplankton abundance
4%
<1%
5%
1%
1%
1%
<1%
<1%
1%
<1%
<1%
10%
25%
50%

Table 8: Relative contribution to invertebrate abundance and species richness for each
high level taxonomic group identified in Great Lakes port samples.
Group

Amphipoda
Bivalvia
Cladocera
Copepoda
Diptera
Gastropoda
Oligochaeta
Rotifera

Relative contribution to
zooplankton species
richness
3%
10%
28%
3%
3%
10%
23%
20%

50

Relative contribution to
zooplankton abundance
2%
13%
37%
2%
1%
1%
10%
34%

Table 9: A summary of ballast water volume moved (2005 – 2007), environmental similarity, biological similarity and the number and
identities of native St. Lawrence River (SLR) species for comparisons between high and medium risk St. Lawrence River ports and
their top two Great Lakes recipient ports. p values are provided for individual t-tests of temperature (Temp), conductivity (Con),
dissolved oxygen (DO) and salinity (Sal). SSI indicates Sørensen‟s similarity index.
Source
port

BC

M

Destination
port(s)

Ballast
water (t)

Multivariate
environmental
similarity

Temp

Con

DO

Sal

SSI

Number of
native SLR
species

Taxa identified to species level

TB

141,211

No; p < 0.001

0.005

< 0.001

> 0.05

< 0.001

0.14

22

SA

12,568

No; p < 0.001

0.003

< 0.001

0.041

< 0.001

0.11

23

Anonyx sarsi
Eualus gaimardi gaimardi
Gammarus oceanicus
Gattyana cirrhosa
Harmothoe extenuata
Monocorophium acherusicum
Monoculodes tuberculatus
Orchomenella groenlandica
Polyphemus pediculus*
Anonyx sarsi
Eualus gaimardi gaimardi
Gammarus oceanicus
Gattyana cirrhosa
Harmothoe extenuata
Monocorophium acherusicum
Monoculodes tuberculatus
Orchomenella groenlandica
Polyphemus pediculus*

TB

183,730

No; p < 0.001

> 0.05

< 0.001

> 0.05

> 0.05

0.43

9

Daphnia pulex*

H

70,872

No; p < 0.001

> 0.05

< 0.001

> 0.05

< 0.001

0.46

11

Chaetogaster diaphanus
Daphnia pulex*
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PC

QC

S

T

TB

39,018

No; p < 0.001

0.002

< 0.001

0.005

< 0.001

0.07

12

Nephtys cornuta
Pectinaria granulata

D

35,865

No; p < 0.001

0.001

< 0.001

0.004

< 0.001

0.08

12

Nephtys cornuta
Pectinaria granulata

TB

166,336

No; p < 0.001

> 0.05

< 0.001

0.03

> 0.05

0.38

20

Aeolosoma viride**
Rheomorpha neiswestonovae**
Ripistes parasita

H

55,491

No; p < 0.001

0.02

< 0.001

0.008

< 0.001

0.50

15

Aeolosoma viride**
Rheomorpha neiswestonovae**
Ripistes parasita
Stylaria lacustris

H

126,702

No; p < 0.001

0.05

< 0.001

0.04

< 0.001

0.50

12

Arcteonais lomondi*
Chaetogaster diaphanus
Daphnia pulex*
Quistadrilus multisetosus*
Spirosperma ferox*
Gammarus oceanicus

TB

91,811

No; p < 0.001

0.01

< 0.001

0.02

> 0.05

0.47

12

Arcteonais lomondi*
Chaetogaster diaphanus
Daphnia pulex*
Quistadrilus multisetosus*
Spirosperma ferox*
Gammarus oceanicus

SA

9,116

No; p < 0.001

> 0.05

0.003

> 0.05

> 0.05

0.22

20

Chaetogaster diaphanus
Epischura lacustris*
Leptodora kindtii*
Spirosperma ferox*
Gammarus oceanicus
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TR

TB

10, 953

No; p < 0.001

0.006

< 0.001

0.013

> 0.05

0.53

17

Gammarus oceanicus
Gammarus palustris
Ripistes parasita

Taxa with an “*” are freshwater species that are also native to the Great Lakes
Taxa with two “**” are freshwater St. Lawrence River species that are not yet present in the Great Lakes
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Table 10: Summary of source and destination ports, environmental similarity, propagule and colonization pressure, and number and
identities of native St. Lawrence River species in ballast water samples.
Ship

Source
port

Destination
port

Environmental
similarity

Propagule pressure
(individuals/ship)
6.56x106
2.37x105
1.19x108
5.62x107
1.65x107
4.99x107
2.65x107
9.08x109
2.68x108
4.22x109
4.28x107
7.87x107
4.49x109
6.36x105
2.52x108

Colonization
pressure
(species/ship)
5
3
13
25
11
13
26
15
19
16
13
21
11
7
8

Number of distinct
St. Lawrence River
species
1
1
1
1
1
0
0
0
0
0
0
1
0
0
2

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

M
S
M
M
M
QC
QC
QC
QC
QC
S
S
T
C
BC

TB
SA
TB
N
SA
TB
TB
SB
TB
TB
H
TO
SA
TB
TO

Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
No
No

16

BC

TB

No

6.29x107

7

3

17

PC

H

No

4.05x108

13

8

18

PC

SU

No

1.11x108

6

5
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Taxa identified to species level

Microsetella norvegica
Oithona similis
Microsetella norvegica
Microsetella norvegica
Microsetella norvegica
Microsetella norvegica
Oithona similis
Acartia hudsonica
Microsetella norvegica
Oithona similis
Acartia hudsonica
Centropages hamatus
Coullana canadensis
Microsetella norvegica
Oithona similis
Temora longicornis
Cancer irroratus
Mytilus edulis
Acartia hudsonica
Microsetella norvegica

19

PC

SU

No

8.85x108

5

5

20

PC

H

No

1.70x108

6

5

21
22
23
24
25
26
27

T
T
T
T
TR
TR
SI

NY
SA
N
N
W
SU
N

Yes
Yes
Yes
Yes
Yes
Yes
No

1.25x109
5.87x106
1.30x107
1.62x109
7.75x106
4.08x1010
9.06x107

17
20
15
8
11
14
8

0
0
1
0
0
0
6

28

SI

N

No

5.43x107

7

5

29
30

S/LM
PA

W
CL

No
No

1.90x105
7.76x105

8
12

1
0

Oithona similis
Temora longicornis
Evadne nordmanni
Acartia hudsonica
Microsetella norvegica
Oithona similis
Temora longicornis
Acartia hudsonica
Microsetella norvegica
Oithona similis
Temora longicornis
Mytilus edulis
Microsetella norvegica
Acartia hudsonica
Microsetella norvegica
Oithona similis
Temora longicornis
Tortanus discaudatus
Mytilus edulis
Acartia hudsonica
Microsetella norvegica
Oithona similis
Temora longicornis
Mytilus edulis
Microsetella norvegica
-

All native St. Lawrence River species found in fresh and brackish ballast samples were brackish water species
Source ports : Montréal (M), Québec City (QC), Sorel (S), Trois Rivières (TR), Tracy (T), Port Cartier (PC), Baie Comeau (BC), Les
Méchins (LM), Port Alfred (PA), Contrecoeur (C), and Sept Îles (SI)
Destination ports : Hamilton (H), Thunder Bay (TB), Superior (SU), Nanticoke (N), Windsor (W), Clarkson (CL), New York (NY),
Sarnia (SA), and Toledo (TO)
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Table 11: Relative contribution to zooplankton abundance and species richness for each
high level taxonomic group identified in ballast water samples.
Group

Amphipoda
Bivalvia
Cladocera
Cirripedia
Copepoda
Decapoda
Rotifera

Relative contribution to
zooplankton species
richness
1%
4%
13%
1%
19%
3%
59%
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Relative contribution to
zooplankton abundance
<1%
23%
2%
<1%
6%
<1%
68%

Ballast water (m3)

Ports
Figure 1: Scatter plot of total volume of Great Lakes bound St. Lawrence River ballast
moved by lakers over a three year period (2005 – 2007). Ports are color co-ordinated to
reflect their assigned risk categories (Table 1). Ports considered included Québec City
(1), Sorel (2), Montréal (3), Port Cartier (4), Baie Comeau (5), Côte Ste Catherine (6),
Johnstown Harbour (7), Contrecoeur (8), Tracy (9), Trois Rivières (10), and Sept Iles
(11).
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Figure 2a: Location of sampled St. Lawrence River ports. Ports are color coordinated to
reflect their assigned risk categories. Red circles – high risk ports; yellow circles –
medium risk ports; green circles – low risk ports. Dotted line in the St. Lawrence River
represents the transition from fresh (to the SE) to brackish water (to the NE) conditions.

Figure 2b: Location of sampled Great Lakes ports. The dotted line indicates the
separation of the Great Lakes proper and the St. Lawrence River.
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Cumulative number of species

Montréal

Sorel

Number of individuals

Québec City

Number of individuals
Figure 3: Individual based rarefaction curves (± 95% C.I.) for high risk St. Lawrence River ports based on samples collected in
September 2009 (black), July 2010 (green) and September 2010 (blue). Also shown are the 1st order jackknife species richness
estimates (± 95% C.I.) for each sample.
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Figure 4: Individual based rarefaction curves (± 95% C.I.) for medium risk St. Lawrence River ports based on samples collected in
September 2009 (black), July 2010 (green) and September 2010 (blue). Also shown are the 1st order jackknife species richness
estimates (± 95% C.I.) for each sample.
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Cumulative number of species

Tracy

Côte Ste Catherine

Number of individuals

Trois Rivières

Number of individuals
Figure 4 (continued): Individual based rarefaction curves (± 95% C.I.) for medium risk St. Lawrence River ports based on samples
collected in September 2009 (black), July 2010 (green) and September 2010 (blue). Also shown are the 1st order jackknife species
richness estimates (± 95% C.I.) for each sample.
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Cumulative number of species

Sept Îles

Number of individuals
Figure 5: Individual based rarefaction curves (± 95% C.I.) for Sept Îles, the only low risk
St. Lawrence River port, based on samples collected in September 2009 (black), July
2010 (green) and September 2010 (blue). Also shown are the 1st order jackknife species
richness estimates (± 95% C.I.).
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Figure 6: Summary individual based rarefaction curves for estimated species richness in high (a), medium (b) and low risk ports (c).
Also shown are the 1st order jackknife species richness estimates (± 95% C.I.).
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Figure 7: Sample based rarefaction curve (± 95% C.I.) for Great Lakes port samples.
Also shown is the 1st order jackknife species richness estimate (± 95% C.I.).
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Propagule pressure (individuals/ship)

Ballast water
Figure 8: Box plots of propagule pressure recorded in fresh and brackish ballast water
samples. The box corresponds to the 25th (lower) and 75th (upper) percentiles. Dark line
inside the box represents median depth, whiskers are the minimum and maximum
propagule pressure values, excluding outliers (asterisks corresponding to values beyond
1.5 boxes from the box).
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Cumulative number of species

Number of samples
Figure 9: Sample based rarefaction curves (± 95% C.I.) for fresh (black) and brackish
(green) ballast water samples collected for this study. Also shown are the 1st order
jackknife species richness estimates (± 95% C.I.).
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Figure 10: a) Observed number of species native to the Great Lakes and St. Lawrence
River (black), established Great Lakes nonindigenous species (gray) and native St.
Lawrence River species (white) in ballast water samples. b) 1st order jackknife species
richness estimate (± 95% C.I.) for ballast water samples from high (red), medium
(yellow), low (green) and ports not assigned to a risk category (gray).
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Figure 11: Individual based rarefaction curves (± 95% C.I.) for species identified through
classical taxonomy in Hamilton (black) and Québec City (green). Also shown are the 1st
order jackknife species richness estimates (± 95% C.I.).
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Figure 12: Individual (sequence) based rarefaction curves (± 95% C.I.) for species
identified through pyrosequencing in Hamilton and Québec City. Also shown are the 1st
order jackknife species richness estimates (± 95% C.I.).
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Figure 13: Individual based rarefaction curves (± 95% C.I.) for genera identified through
pyrosequencing and classical taxonomy in Hamilton and Québec City. Also shown are
the 1st order jackknife genera richness estimates (± 95% C.I.). For pyrosequencing,
number of individuals indicates number of sequences.
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Appendix 1: Species identified through classical taxonomy in fresh and brackish St.
Lawrence port samples.
Group
Acari

Species
Lebertia sp.
Limnesia sp.
Hydrozetes sp.

Ports
6,8
4
6

Anonyx sarsi†
Calliopius laeviusculus†
Caprella linearis†
Caprella sp.
Crangonyx sp.
Gammarus oceanicus†
Gammarus palustris†
Gammarus sp.
Ischyrocerus sp.
Monocorophium acherusicum†
Monoculodes tuberculatus†
Orchomenella groenlandica†
Pontogeneia inermis†
Tmetonyx cicada†

10,11
11
11
11
4
3,7,8,10
5,7
2,3,6,8,9,10,11
9
10,11
10
10,11
11
11

Arcteonais lomondi
Aulodrilus americanus
Aulodrilus pluriseta
Chaetogaster diaphanus†
Chaetogaster sp.
Dero sp.
Limnodrilus sp.
Nais sp.
Pristina sp.
Quistadrilus multisetosus
Ripistes parasita†
Slavina appendiculata
Spirosperma ferox
Stylaria lacustris†
Vejdovskyella intermedia

3,10
2
4
1,3,6,8
4
6
2,3,4,5,7
1,3,4,5,6,7,8
7
2,3
2,7
2,4,6
3,8
2,7,8
4

Autolytus sp.
Capitella capitata complex†
Eteone sp.

9
11
9,10,11

Amphipoda

Annelida
Oligochaeta

Polychaeta
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Euchone sp.
Gattyana cirrhosa†
Goniada maculata†
Harmothoe extenuata†
Harmothoe imbricata†
Harmothoe sp.
Lepidonotus sp.
Mediomastus sp.
Nephtys cornuta†
Nephtys sp.
Pectinaria granulata†
Pholoe sp.
Phyllodoce williamsi
Prionospio prionsospio
Spio sp.

11
10,11
11
10
11
11
11
9
9,11
1,4,5,9
9
10,11
10
9,11
11

Dreissena polymorpha*
Dreissena rostriformis bugensis*
Macoma calcarea†
Macoma sp.
Modiolus spp.
Musculium transversum
Pisidium punctatum
Pisidium sp.
Sphaerium sp.

1,2,3,4,5,6,7,8,9,11
4,8
11
1,2,5,9,10
9,10,11
10
3
3
10

Cirripedia

Balanus sp.

9,10,11

Cladocera

Bosmina longirostris
Bythotrephes longimanus*
Daphnia galeata mendotae
Daphnia parvula
Daphnia pulex
Diaphanosoma sp.
Eubosmina coregoni*
Eurycercus lamellatus
Evadne sp.
Leptodora kindtii
Moina sp.
Podon sp.
Polyphemus pediculus

1,2,3,4,5,6,7,8
6
3,4,6,7
2
1,3,6,7,8
1,2,3,4,5,6,7,8
6
5,8
9,10,11
1,2,4,6,8
4,8
6
6,10

Epilabidocera sp.

10

Bivalvia

Copepoda
Calanoida
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Epischura lacustris
Eurytemora sp.

1,2,3,4,5,6,7,8,9,10,11
5,10

Diastylis sp.
Diastylis rathkei†

9,11
11

Cancer irroratus†
Eualus gaimardi gaimardi†

9,10,11
9,10

Ablabesmyia sp.
Chironomus sp.
Coelotanypus sp.
Cricotopus sp.
Harnischia sp.
Heterotrissocladius sp.
Microtendipes sp.
Microspectra sp.
Phaenopsectra sp.
Polypedilum sp.
Procladius sp.
Rheotanytarsus sp.
Thienemanniella sp.
Thienemannimyia sp.

1,6,7,8
1,2,3,5,6,7,8,10,11
1,3,7
1,4,6,7,8,9,10
11
5,6,7,8
11
1,4
1,2,6
1,8
1,5,7
11
1,4,6,8,9
1,7,8

Ophiura robusta†
Strongylocentrotus sp.

9,10,11
9,11

Caenis sp.
Stenacron sp.

4
4

Cipangopaludina sp.

1,2,5,9,10

Neomysis sp.

1,2,7,8,9,10,11

Stylurus sp.

8

Bdelloida
Brachionus calyciflorus

1,3,4,5,6,7,9,10
2

Cumacea

Decapoda

Dipteria

Echinodermata

Ephemeroptera

Gastropoda

Mysida

Odonata

Rotifera

86

Brachionus quadridentatus
Euchlanis triquetra
Euchlanis spp.
Keratella cochlearis cochlearis
Keratella spp.
Polyarthra spp.
Pompholyx sp.
Proales spp.
Synchaeta spp.
Trichocerca iernis
Trichocerca spp.
Trichotria spp.

2
4,5
1,4
2,4,5
1,2,3,4,6,7,8
2,3,4
1
1,2,4
1,2,3,4,5,7,8
5
2,3,4,5
2

Trichoptera
Cheumatopsyche sp.
* denotes NIS that are established in the Great Lakes

8

† denotes brackish St. Lawrence species with no record of establishment in the Great
Lakes
Ports: Montréal (1), Québec City (2), Sorel (3), Côte Ste Catherine (4), Contrecoeur (5),
Johnstown Harbour (6), Trois Rivières (7), Tracy (8), Port Cartier (9), Baie Comeau (10),
and Sept Îles (11)
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Appendix 2: Species identified through classical taxonomy in the Great Lakes port
samples collected for this study.
Group
Amphipoda

Species

Port

Gammarus sp.

3

Chaetogaster sp.
Dero sp.
Limnodrilus sp.
Nais sp.
Nais variabilis
Quistadrilus multisetosus
Slavina appendiculata
Stylaria sp.
Vejdovskyella intermedia

1,2,3,4
1,3
2,4
4
3
2
1
3,4
1

Dreissena polymorpha*
Dreissena rostriformis bugensis
Modiolus spp.
Pisidium ferrugineum

1,2,3,4
2
3
4

Bosmina longirostris
Bythotrephes longimanus*
Daphnia galeata
Daphnia retrocurva
Daphnia spp.
Diaphanosoma sp.
Eubosmina coregoni*
Eurycercus lamellatus
Holopedium gibberum
Leptodora kindtii
Moina sp.

1,2,3,4
1,3,4
2,4
1
2
1,2
2
3
1,4
1,2,4
4

Epischura lacustris

1,4

Chironomus sp.

3

Annelida
Oligochaeta

Bivalvia

Cladocera

Copepoda
Calanoida

Dipteria

Gastropoda

88

Goniobasis livescens
Physa sp.
Valvata piscinalis
Valvata sincera

3
4
4
2

Rotifera
Bdelloida
Dicranophorus spp.
Keratella cochlearis cochlearis
Keratella spp.
Polyarthra spp.
Pompholyx spp.
Synchaeta spp.
Trichocerca spp.
* denotes NIS that are established in the Great Lakes
Ports: Duluth (1), Hamilton (2), Sarnia (3), and Thunder Bay (4)
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3
3
2
2,4
2
2
2,4
3

Appendix 3: List of native St. Lawrence River species not yet reported in the Great Lakes
that were detected in St. Lawrence River port samples.
Group

Species

Source
port

Recipient
port

Identification

Anonyx sarsi

BC, SI

Morphological

Calliopius laeviusculus
Caprella linearis
Gammarus oceanicus
Gammarus palustris
Monocorophium acherusicum

SI
SI
BC, S,
T, TR
C, TR
BC, SI

N, SA,
TB
N
N
SA, TB

Morphological
Morphological

Monoculodes tuberculatus
Orchomenella groenlandica

SI
BC,SI

A, TB
N , SA,
TB
N
N , SA,
TB
N
N

QC
JT, M,
PC, S
QC
QC,TR
QC, T,
TR

H, TB
D, H, TB

Pyrosequencing
Morphological

H, TB
H, TB
H, SA,
TB

Pyrosequencing
Morphological
Morphological

Capitella capitata complex
Gattyana cirrhosa

SI
BC, SI

Morphological
Morphological

Goniada maculata
Harmothoe extenuata
Harmothoe imbricata
Nephtys cornuta
Pectinaria granulata

SI
BC
SI
PC, SI
PC

N
N, SA,
TB
N
SA, TB
N
D, N, TB
D, TB

SI

N

Morphological

Amphipoda

Pontogeneia inermis
Tmetonyx cicada

SI
SI

Morphological
Morphological
Morphological

Morphological
Morphological
Morphological
Morphological

Annelida
Oligochaeta
Aeolosoma viride*
Chaetogaster diaphanus
Rheomorpha neiswestonovae*
Ripistes parasita
Stylaria lacustris

Polychaeta

Morphological
Morphological
Morphological
Morphological
Morphological

Bivalvia
Macoma calcarea
Copepoda
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Calanoida
Temora turbinata

QC

H, TB

Pyrosequencing

Oithona similis

QC

H, TB

Pyrosequencing

Diastylis rathkei

SI

N

Morphological

Cancer irroratus

BC, PC,
SI
BC, SI

D, N, TB,
SA
N, TB,
SA

Morphological

Cyclopoida

Cumacea

Decapoda

Eualus gaimardi gaimardi

Morphological

Echinoder
mata
Ophiura robusta

BC, PC, D, N, TB, Morphological
SI
SA
* denotes St. Lawrence River freshwater species, and the remaining species were all
brackish
Source ports: Baie Comeau (BC), Contrecoeur (C), Johnstown Harbour (JT), Montréal
(M), Port Cartier (PC), Québec City (QC), Sorel (S), Sept Îles (SI), Tracy (T) and Trois
Rivières (TR)
Recipient ports: Ashtabula (A), Duluth (D), Hamilton, Nanticoke (N), Thunder Bay (TB),
Sarnia (SA)
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Appendix 4: Species through classical taxonomy in the ballast water of lakers sampled in
this study.
Group
Amphipoda

Species

Ships

Echinogammus ischnus*

8,14,25,29

Dreissena polymorpha*

Mytilus edulis†

1,2,3,4,5,6,7,8,9,10,11,12,13,
14,15,16,20,21,22,23,24,25,2
6,28,29,30
1,2,3,4,5,6,7,8,9,10,11,14,15,
21,22,23,24,26,28,30
17,18,20,27,28

Balanus sp†

27

Bosmina longirostris
Bosmina liederi

3,4,6
1,5,7,8,9,10,11,12,14,18,21,23,
25,26,29,30
13
12
14
25
13,29
26,29
4,30
19
24

Bivalvia

Dreissena rostriformis bugensis*

Cirripedia

Cladocera

Bythotrephes longimanus*
Camptocercus spp.
Ceriodaphnia spp.
Daphnia galeata
Daphnia retrocurva
Diaphanosoma brachyurum
Eubosmina coregoni*
Evadne nordmanni†
Sida crystalline
Copepoda
Calanoida
Acartia hudsonica†
Centropages hamatus†
Epischura nordenskiøldi
Eurytemora affinis*
Leptodiaptomus sicilis
Leptodiaptomus siciloides
Temora longicornis†
Tortanus discaudatus†
Cyclopoida
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16,17,18,19,20,27,28
17
9
3,4,6,7,8,9,10,12,14,21,22,26,
29,30
7,29
21,22,23
17,18,19,20,27,28
27

Acanthocyclops robustus
Diacyclops thomasi
Oithona similis†
Tropocyclops prasinus mexicanus

9
3,7,9,11,12,22,23,25
3,15,16,17,18,19,20,27,28
4,7

Coullana canadensis†
Microsetella norvegica†
Schizopera borutzkyi*

17
2,4,5,15,29,12,16,17,18,19,20,
23,27,28
3

Cancer irroratus†
Uca spp.†

17
17

Asplanchna spp.
Bdelloida
Brachionus angularis
Brachionus calyciflorus
Brachionus urceolaris
Conochilus unicornis
Euchlanis alata
Euchlanis parva
Euchlanis spp.
Filinia longiseta
Hexarthra mira
Kellicottia longispina
Keratella cochlearis cochlearis

12
4,6,7,21,26
7,9,10,12,22,23
1,7,9,10,12,22,23
10
4,10,11,13
21
24
4
7,16,26
8
6,7,13,17,22,23,30
3,4,5,6,7,8,9,10,11,12,13,15,16,
17,21,22,23,24,25,26,30
4,7,8,9,10,11,12,21,23,26,30
7,8,9,10,11,12,13,16,22,23
5,6,7,8,9,10,11,12,21,22,25,30
4,5,6,7,9,23
7
4
1
26
12
3,4,22
6
26
27
7,9,10,22,30
22

Harpacticoida

Decapoda

Rotifera

Keratella cochlearis tecta
Keratella crassa
Keratella earlinae
Keratella hiemalis
Keratella quadrata
Lecane mira
Lecane spp.
Lecane tenuiseta
Lepadella ovalis
Monostyla copeis
Monostyla lunaris
Monostyla obtusa
Monostyla spp.
Notholca acuminata
Notholca squamula
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Ploesoma hudsoni
Ploesoma lenticulare
Ploesoma truncatum
Polyarthra major
Polyarthra remata
Polyarthra vulgaris
Synchaeta kitina
Synchaeta oblonga
Synchaeta pectinata
Synchaeta spp.
Synchaeta stylata
Trichocerca cylindrica
Trichocerca elongata
Trichocerca rattus
Trichocerca similis
Trichotria tetractis
* denotes NIS that are established in the Great Lakes

4,8,13
17
3,4,7,10,12
12
3,4,5,6,8,11,12,13,21,22,25,26
7,11,12,13,21,22,30
3,4,5,7,8,9,10,11,12,13,15,21,
22,23,24,25,26
6,7,9
4,5,8,9,24,25
3,4,5,6,7,8,9,10,11,12,15,21,22,
23,24,25,26,30
15
21,22
4
4,22
4
4,12

† denotes brackish St. Lawrence River species with no record of establishment in the
Great Lakes
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Appendix 5: List of native St. Lawrence River species not yet reported in the Great Lakes
that were detected in laker ballast samples.
Group
Bivalvia

Species

Source port

Recipient port

PC, SI

H, N, SU

Balanus sp.

SI

N

Evadne nordmanni

PC

SU

BC, PC, SI
PC
PC, SI
SI

H, N, TB, SU
H
H, N, SU
N

BC, M, PC, SI

H, N, TB, TO, SU

SI
BC, LM, M, PC, S,
SI, T

H
H, N, SA, SU, TB
TO, W

Mytilus edulis
Cirripedia

Cladocera

Copepoda
Calanoida
Acartia hudsonica
Centropages hamatus
Temora longicornis
Tortanus discaudatus
Cyclopoida
Oithona similis
Harpacticoida
Coullana canadensis
Microsetella norvegica

Decapoda
Cancer irroratus
PC
H
Uca spp.
PC
H
Source ports: Baie Comeau (BC), Les Méchins (LM), Montréal (M), Port Cartier (PC),
Sorel (S), Sept Îles (SI) and Tracy (T)
Recipient ports: Hamilton (H), Nanticoke (N), Thunder Bay (TB), Toledo (TO), Sarnia
(SA), Superior (SU) and Windsor (W)
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Appendix 6: Species identified through pyrosequencing and morphological taxonomy in
the ports of Hamilton and Québec City.
Port

Group

Species

Method of identification

Annelida

Stenostomum grande
Limnodrilus sp.

Molecular
Morphological

Amphipoda

Gammarus tigrinus*

Molecular

Cercozoa

Pseudodifflugia gracilis

Molecular

Chlorophyta

Phacotus lenticularis
Staurastrum thunmarkii
Staurastrum gracile

Molecular
Molecular
Molecular

Ciliophora

Vorticella convallaria

Molecular

Cladocera

Daphnia galeata
Daphnia sp.
Diaphanosoma sp.
Leptodora kindtii
Bosmina longirostris
Eubosmina coregoni*

Molecular/Morphological
Morphological
Morphological
Molecular/Morphological
Molecular/Morphological
Morphological

Copepoda

Eucyclops serrulatus
Oithona similis†
Nitocra hibernica*
Temora turbinata†
Diacyclops galbinu‡

Molecular
Molecular
Molecular
Molecular
Molecular

Dinophyceae

Ceratium hirundinella

Molecular

Mollusca

Dreissena rostriformis bugensis* Molecular

Rotifera

Rotaria rotatoria
Collotheca campanulata
Keratella cochlearis cochlearis
Keratella quadrata
Keratella spp.

Hamilton
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Molecular
Molecular
Morphological
Molecular
Morphological

Cephalodella forficula
Synchaeta spp.
Pompholyx spp.
Polyarthra spp.

Molecular
Morphological
Morphological
Morphological

Spongillidae

Eunapius fragilis

Molecular

Annelida

Aeolosoma viride‡
Nais pardalis
Rheomorpha neiswestonovae‡
Limnodrilus sp.

Molecular
Molecular
Molecular
Morphological

Amphipoda

Gammarus sp.

Morphological

Copepoda

Macrocyclops albidus
Temora turbinata†
Oithona similis†

Molecular
Molecular
Molecular

Cladocera

Bosmina longirostris
Diaphanosoma sp.

Molecular/Morphological
Morphological

Mollusca

Dreissena polymorpha*
Molecular
Dreissena rostriformis bugensis* Molecular

Rotifera

Brachionus calyciflorus
Brachionus quadridentatus
Keratella cochlearis cochlearis
Keratella spp.
Polyarthra spp.
Proales sp.
Synchaeta spp.
Trichocerca sp.
Trichotria sp.

Québec City

Morphological
Morphological
Morphological
Morphological
Morphological
Morphological
Morphological
Morphological
Morphological

* denotes NIS that are established in the Great Lakes
† denotes brackish water St. Lawrence species with no record of establishment in the
Great Lakes
ﬃ denotes freshwater species with no record of establishment in the Great Lakes
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Appendix 7: Number of species for each high level taxonomic group identified in
Hamilton and Québec City through pyrosequencing and morphological taxonomy.
High-level taxonomic
group
(common name)
Chlorophyta
(Green algae)
Amphipoda (Amphipod)
Desmidiales (Desmid)
Ciliophora (Ciliate)
Cladocera (Water flea)
Copepoda (Copepod)
Euphausiacea (Krill)
Dinophyceae
(Dinoflagellate)
Neoptera (Fly)
Isopoda (Isopod)
Cercozoa
Acari (Mite)
Bicosoecida (Bicosoecid)
Fungi (Fungus)
Coccidia
Cnidaria (Cnidarian)
Centroheliozoa
(Centrohelid)
Mollusca (Mollusk)
Podocopida (Shrimp)
Rotifera (Rotifer)
Spongillidae (Sponge)
Gastrotricha
(Gastrotrichs)
Annelida, Nematoda,
Platyhelminthes (Worm)
Total

Hamilton
Molecular
Morphological
2%/5%

Québec City
Molecular
Morphological
2%/5%

4/1

-

-

-

1/1
3/3
16/12
141/46
191/43
-

6
0
-

7/4
77/19
1/1

1
2
0
0

20/8

-

-

-

1/1
1/1
1/1
1/1
1/0
2/2

-

1/1
2/2
1/0

-

1/1

-

1/1
15/6
1/1

5
-

11/4
12/3
1/1

9
-

1/1

-

-

-

6/5

1

13/6

1

408/136

12

126/41

13

-
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Appendix 8: Genera identified through pyrosequencing and morphological taxonomy in
the ports of Hamilton and Québec City.
Port
Hamilton

Group

Genera

Method of identification

Aelolosoma
Dero
Eurycletodes
Limnodrilus
Pristina
Psammoryctides

Molecular
Molecular
Molecular
Morphological
Molecular
Molecular

Gammarus

Molecular

Raphidiophrys

Molecular

Bosmina
Daphnia
Diaphanosoma
Eubosmina
Ilyocryptus
Leptodora

Molecular/ Morphological
Molecular/ Morphological
Molecular/ Morphological
Morphological
Molecular
Molecular/ Morphological

Acartia
Apocyclops
Arctodiaptomus
Cyclops
Eucyclops
Eudiaptomus
Leptodiaptomus
Limnocalanus
Macrocyclops
Mesocyclops
Nitocra
Oithona
Skistodiaptomus

Molecular
Molecular
Molecular
Molecular
Molecular
Molecular
Molecular
Molecular
Molecular
Molecular
Molecular
Molecular
Molecular

Annelida

Amphipoda

Centrohelida

Cladocera

Copepoda
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Temora

Molecular

Chytriomyces

Molecular

Chaetonotus

Molecular

Cordylophora

Molecular

Dreissena

Molecular

Acineta

Molecular

Stenostomum

Molecular

Baldinia
Ceratium
Chlamydomonas
Cosmarium
Dumontia
Nassula
Opisthonecta
Peritrichia
Phacotus
Pseudodifflugia
Staurastrum
Stenor
Vorticella

Molecular
Molecular
Molecular
Molecular
Molecular
Molecular
Molecular
Molecular
Molecular
Molecular
Molecular
Molecular
Molecular

Brachionus
Cephalodella
Keratella
Polyarthra
Pompholyx
Rotaria
Synchaeta

Molecular
Molecular
Molecular/ Morphological
Morphological
Morphological
Molecular
Morphological

Fungi

Gastrotricha

Hydrozoa

Mollusca

Orchidaceae

Platyhelminthes

Protista

Rotifera
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Testudinella

Molecular

Nudospongilla

Molecular

Spongillidae

Québec City

Morphological
Acari
Limnesia
Sperchon

Molecular
Molecular

Aeolosoma
Dero
Limnodrilus
Nais
Paranais
Pristina

Molecular
Molecular
Morphological
Molecular
Molecular
Molecular

Gammarus

Morphological

Cyclops
Limnocalanus
Macrocyclops
Skitodiaptomus
Temora
Typhlamphiascus

Molecular
Molecular
Molecular
Molecular
Molecular
Molecular

Bosmina
Diaphanosoma
Simocephalus

Molecular/Morphological
Morphological
Molecular

Micropsectra

Molecular

Euphausia

Molecular

Dreissena
Unio

Molecular
Molecular

Annelida

Amphipoda

Copepoda

Cladocera

Chironomidae

Euphausiacea

Mollusca
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Ostracoda
Cypria

Molecular

Brachionus
Keratella
Polyarthra
Proales
Synchaeta
Trichocerca
Trichotria

Morphological
Morphological
Morphological
Morphological
Morphological
Morphological
Morphological

Spongilla

Molecular

Rotifera

Spongillidae
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